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Prototype and model culvert operation - Left: Cubberla Creek on 4 June 2016, Chapel Hill QLD 
(Courtesy of Stewart MATTEWS); Right: flow past a triangular baffle, direction from right to left 
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ABSTRACT 
A culvert is a covered channel of relatively short length designed to pass streams and floodwaters 
through or beneath an embankment. Current designs are similar to ancient designs and their impact 
on the environment must be taken into account, e.g. flooding of upstream catchment, reduction in 
fish population and diversity. Some recognition of the ecological impact of culverts on natural 
streams and rivers led to changes in culvert design guidelines, too often associated with un-
economical designs. A simple triangular baffle system, developed by CHANSON and UYS (2016) 
for standard box culverts, may assist upstream passage of small body-mass fish in culvert structures 
on a very flat bed slope, while inducing little reduction in discharge capacity and creating sizeable 
slow flow regions. The system was herein tested systematically in a near-full-scale physical facility, 
0.5 m wide and 12 m long, for a range of flow rate, baffle size and spacing. The experimental 
observations included basic flow patterns, free-surface measurements, total flow resistance, velocity 
distributions, pressure profiles and skin friction boundary shear stress distributions. The 
observations indicated several key flow features between successive baffles, encompassing flow 
separation, flow reversal, and stagnation regions. In the fully-developed flow region, the spatially-
averaged boundary shear stress o was estimated. The presence of triangular baffles had a moderate 
effect on the flow resistance, albeit the data indicated the combined effect of relative baffle height 
and relative baffle spacing on the friction factor. Detailed velocity and pressure measurements were 
conducted with smooth and triangular baffle boundary configurations. In presence of triangular 
baffles, the flow was asymmetrical, owing to the wake behind each baffle. This was clearly 
evidenced with negative velocity measurements behind the baffles and complicated velocity 
distributions next to the left corner and around the baffle. The presence of triangular baffles 
increased the surface area of slow velocity regions, which would be preferential swimming zones 
for fish. Skin friction boundary shear stress data showed larger skin friction towards the smooth 
(right) sidewall. The skin friction boundary shear stress was consistently smaller than the total 
boundary shear stress in the triangular baffle channel: (o)skin/o ranging from 0.21 to 0.58 
depending upon the baffle configuration (size, spacing) and flow rate. Altogether the present 
investigation delivered a detailed characterisation of the flow field in smooth and triangular baffle 
channels, at a scale comparable to a small standard box culvert barrel. The results may provide the 
relevant data to derive a predictive physically-based model of the flow characteristics of triangular 
baffle culverts. 
 
Keywords: Culvert, Triangular baffles, Head losses, Velocity Field, Boundary shear stress, Physical 
modelling, Secondary currents, Turbulence, Small body fish passage, Pitot-Prandtl-Preston tube. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
B channel width (m); 
DH hydraulic diameter depth (m); 
Do constant: Do = D1 + D2; 
D1 constant: D1 = 5; 
D2 constant function of roughness type and characteristics; 
d water depth (m); 
dc critical flow depth (m); 
d1 inflow depth (m); 
E specific energy (m); 
Fr Froude number; for a rectangular channel: 
 dg
VFr   
f Darcy-Weisbach friction factor; 
fskin skin friction factor measured with a Pitot-Prandtl-Preston tube lying on the bed; 
f' skin friction factor; 
f" form drag friction factor; 
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hb triangular baffle height (m); 
K head loss coefficient 
ks equivalent sand roughness height (m); 
L channel length (m); 
Lb longitudinal spacing (m) between baffles; 
Lt turbulent length scale (m); 
lm mixing length (m); 
Mo Morton number; 
N velocity power law exponent; 
Q water discharge (m3/s); 
P pressure (Pa); 
Pw wetted perimeter (m); 
q water discharge per unit width (m2/s): q = Q/B; 
R normalised correlation coefficient; 
Re Reynolds number defined in terms of the hydraulic diameter: Re = VmeanDH/; 
Sf friction slope; 
So bed slope: So = sin; 
Tt turbulent time scale (s); 
V flow velocity (m/s) positive downstream; 
 vi 
Vb velocity (m/s) measured by a Pitot-Prandtl-Preston tube lying on the bed; 
Vc critical flow velocity (m/s); 
Vfs free-surface velocity (m/s); 
Vmax maximum velocity (m/s); 
 free-stream velocity (m/s) above boundary layer 
Vmean cross-sectional mean velocity (m/s): Vmean = Q/A; 
V1 inflow velocity (m/s); 
Vx longitudinal velocity component (m/s); 
V* shear velocity (m/s); 
v' velocity fluctuation (m/s); 
X relative distance between baffles: X = (x-xb)/Lb; 
x longitudinal distance (m) positive downstream; 
xb longitudinal baffle position (m); 
YVmax transverse distance (m) where Vx = (Vmax)M; 
y transverse distance (m) measured from the right sidewall positive towards the left 
sidewall; 
ZVmax vertical elevation (m) where Vx = Vmax; 
z vertical distance (m) positive upwards with z = 0 at the invert; 
 
H manometer reading (m); 
 total head loss (m) 
 boundary layer thickness (m); 
 angle between bed slope and horizontal; 
 von Karman constant:  = 0.4; 
 dynamic viscosity (Pa.s) of water; 
T eddy viscosity (m2/s); 
 angle between bed slope and horizontal; 
 water density (kg/m3); 
 surface tension (N/m) between air and water; 
o boundary shear stress (Pa); for a baffle channel configuration, o is a spatial-averaged 
boundary shear stress; 
o' skin friction boundary shear stress component (Pa); 
o" form drag boundary shear stress component (Pa); 
o)skin skin friction boundary shear stress (Pa) measured with a Pitot-Prandtl-Preston tube 
lying on the bed; 
Ø diameter (m); 
 
Subscript 
M cross-sectional maximum value; 
m model dimension; 
 vii 
max maximum value in a vertical profile; 
p prototype dimension; 
skin skin friction; 
x longitudinal direction positive downstream; 
1 upstream flow conditions; 
 
Abbreviations 
ADV acoustic Doppler velocimeter; 
AEB advanced engineering building; 
AMCA Air Movement and Control Association; 
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers; 
C Celsius; 
fps frames per second; 
PVC polyvinyl chloride; 
s second; 
UQ the University of Queensland. 
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1. INTRODUCTION 
A culvert is a covered channel of relatively short length designed to pass streams and floodwaters 
through or beneath an embankment, such as a roadway or railroad. Figure 1-1 presents examples of 
culvert structures. The design requires a hydrological study of the upstream catchment to estimate 
the design discharge and the risks of exceptional floods. The dimensions of the culvert are based 
upon hydraulic, structural and geotechnical considerations. The culvert height, length and width 
affect the size and cost of the crossing. The culvert impact on the environment must also be taken 
into account, e.g. flooding of the upstream catchment, adverse impacts on stream reach 
connectivity, and in turn aquatic life movement, fish population and diversity. 
Current designs are very similar to ancient designs (O'CONNOR 1993, CHANSON 2002) (Fig. 1-
1A). They are characterised by some significant afflux at design flows (HENDERSON 1966, 
CHANSON 1999a). The afflux is the rise in the upstream water level caused by the presence of the 
culvert and it is a quantitative measure of the upstream flooding induced by the culvert structure. 
Culverts may contribute about 15% of total road construction costs (HEE 1969). In terms of 
hydraulic engineering, the optimum size of a culvert is the smallest barrel size allowing for inlet 
control operation (HERR and BOSSY 1965, CHANSON 2000a,2004). The barrel, or throat, is the 
narrowest section of the culvert. Current culvert designs are very diverse, using various shapes and 
construction materials determined by stream width, peak flows, stream gradient, road direction and 
project economics (HENDERSON 1966, HEE 1969, USBR 1987, Australian Standard 2010). 
Figure 1-1 presents a variety of designs. In turn, the broad range of designs yields a wide diversity 
in flow patterns (HEE 1969, CHANSON 2004). 
During the last three decades, a recognition of the ecological impact of culverts on natural streams 
and rivers led to changes in culvert design guidelines (BEHLKE et al. 1991, CHORDA et al. 1995). 
While the culvert discharge capacity derives from hydrological and hydraulic engineering 
considerations, this results often in large velocities in the barrel, creating a fish passage barrier. For 
culvert rehabilitation applications as well as new designs, baffles may be installed along the barrel 
invert to provide a fish-friendly alternative (OLSEN and TULLIS 2013, DUGUAY and LACEY 
2014, CHANSON and UYS 2016). For low discharges, the baffles decrease the flow velocity and 
increase the water depth to facilitate fish passage, while offering rest areas (CAHOON et al. 2007). 
At larger discharges, baffles induce lower local velocities and generate recirculation regions. 
Unfortunately, baffles can reduce drastically the culvert discharge capacity for a given afflux 
(LARINIER 2002, OLSEN and TULLIS 2013) (1), thus increasing substantially the total cost of the 
                                                 
1 "The installation of baffles in a culvert drastically reduces its capacity" (LARINIER, p. 127); "the 
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structure to achieve the same design discharge and afflux. The additional costs may encompass 
those for additional precast cell units, construction of a second structure in an anabranch or 
selection of a bridge structure instead of a culvert. A number of national culvert design guidelines 
were developed to allow for upstream fish passage (FAIRFULL and WITHERIDGE 2003, HUNT 
et al. 2012), often leading to less economical designs. 
In an earlier study (CHANSON and UYS 2016), a simple triangular baffle system was developed 
for box culverts, producing little reduction in discharge capacity while creating slow flow regions 
both upstream and downstream of each baffle, which might be suitable to  assist small bodied fish 
passage in box culvert structures on a very flat bed slope. This system was herein tested 
systematically in a near-full-scale physical facility. Tests were repeated with several configurations 
to determine potential scale effects as well as to recommend an optimum baffle size and spacing. 
Following a basic dimensional analysis, the experimental facility and instrumentation are described 
followed by the main experimental results. The report is complemented by a number of technical 
appendices. 
 
  
(A, Left) Roman multicell box culvert (red arrow) beneath the Nîmes aqueduct channel (blue 
arrow) (CHANSON 2002) - Photograph taken on 21 September 2000 
(B) Standard box culvert structure in Muscat (Oman) on 31 October 2010 
                                                                                                                                                                  
discharge capacity of the full-pipe nonpressurized flow weir baffled culvert produced was approximately 50 
to 70% less than the smooth walled culvert for the range of [test]" (OLSEN and TULLIS 2013, p. 430). 
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(C) Corrugated culvert inlet at Lac des Ours, Parc de Frontenac (Canada) on 11 June 2004 
 
(D) Multi-cell box culvert in Wynnum (QLD, Australia) beneath the Gateway motorway M1 on 11 
September 2002 
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(E) Single-cell standard box culverts along Terasawa Beach, Enshu Coast (Japan) in November 
2008 
Fig. 1-1 - Photographs of culvert structures 
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2. DIMENSIONAL ANALYSIS AND SIMILITUDE 
In experimental fluid mechanics, a model study of a prototype is to provide reliable predictions of 
the flow properties of the prototype structure (NOVAK and CABELKA 1994, LIGGETT 1994, 
FOSS et al. 2007, NOVAK et al. 2010). Any physical study is based upon the basic concept and 
principles of similitude, to ensure a reliable and accurate extrapolation of the model results to the 
prototype. The physical measurements from the model (e.g. depth, velocity) are used to predict the 
extrapolated values for the same quantities to be expected in the prototype flow (HENDERSON 
1966, NOVAK and CABELKA 1994, CHANSON 1999b). Figure 2-1 presents a number of 
prototype culvert operations. Figure 2-2 shows laboratory studies based upon a Froude similarity. 
The processing, analysis and interpretation of experimental data constitutes an essential component 
in physical modelling (DARROZES and MONAVON 2014). The presentation of the results must 
have the most extensive validity, and dimensional analysis is the basic procedure to deliver the 
relevant dimensionless parameters. 
For any dimensional analysis of the hydrodynamics, the relevant dimensional parameters include 
the fluid properties, physical constants, channel geometry and initial flow conditions 
(HENDERSON 1966, LIGGETT 1994). Considering the simplistic case of a steady turbulent flow 
in a rectangular culvert barrel (2) operating as a free-surface flow, a dimensional analysis yields a 
series of relationships between the flow properties at a location (x,y,z) and the upstream flow 
conditions, channel geometry and fluid properties: 
  t t 1 s o 1 1 1d,V, v ',P,L ,T ,... F x, y, z,B,k ,S ,d ,V , v ', , , ,g,....     (2-1) 
where d is the flow depth, V is the local velocity, v' is a local velocity fluctuation, P is the local 
pressure, Lt and Tt are local integral turbulent length and time scales, x, y and z are respectively the 
longitudinal, transverse and vertical coordinates, B is the internal barrel width, ks is the equivalent 
sand roughness height of the barrel boundary, So is the invert slope: So = sin with  the angle 
between the bed and horizontal, d1, V1 and v1' are respectively the inflow depth, velocity and 
velocity fluctuation,  and  are the water density and dynamic viscosity,  is the surface tension, g 
is the gravity acceleration (3). In Equation (2-1), right handside term, the 4th, 5th and 6th variables 
characterise the boundary conditions, the 7th, 8th and 9th terms define the inflow (initial) 
conditions, and the following terms are fluid and physical properties. 
 
                                                 
2 The barrel is the narrowest part of the culvert (CHANSON 1999a,2004). 
3 The discharge Q does not appear in Equation (2-1) because the equation of conservation of mass links the 
flow rate, velocity, depth and width: Q = VmeandB for a rectangular channel. 
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(A) Box culvert outlet operation on 31 March 2017 for less-than-design flow conditions- Stream: 
Caswell Creek, Canungra QLD (Australia) - Flow direction from background to foreground 
 
(B) Culvert inlet operation in Brisbane (Australia) on 20 May 2009, with oscillating hydraulic jump 
(period: 11 to 12 s) in the inlet channel for less-than-design flow conditions- Stream: Norman 
Creek, Greenslopes QLD - Flow direction from bottom left to top right 
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(C) Culvert inlet operation in Brisbane (Australia) on 20 May 2009 - Stream: Norman Creek, 
Greenslopes QLD - Flow direction from left to right 
 
(D) Operation of drop inlet in Brisbane (Australia) on 4 June 2016 for non-design flow conditions 
(Courtesy of Stewart MATTEWS) - Stream: Cubberla Creek, Chapel Hill QLD 
Fig. 2-1 - Culvert structure operations 
 
The -Buckingham theorem states that a dimensional equation with N dimensional variables may 
be simplified into an equation with (N - 3) dimensionless variables, when the Mass, Length and 
Time units are used among the N dimensional variables (LIGGETT 1994). In turn, Equation (2-1) 
may be transformed as a series of dimensionless relationships: 
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c
x
c c cc
sx o
c cc
2 1 1 1
c c 11
4t H
3c
t
c
d ,d
x y zV , , ,, d d dV
kv ' B , S , ,, d dV F d V v 'P , , , ,g d d Vg d
L V D g, , , ...d
gT , ...d
                       

 (2-2) 
where dc is the critical flow depth: dc = (Q2/(g×B2))1/3, Vc is the critical flow velocity: Vc = 
(g×Q/B)1/3, Q is the water discharge and DH is the equivalent pipe diameter, or hydraulic diameter 
(4). In Equation (2-2), right handside term, the 8th term is the inflow Froude number Fr1, the 10th 
and 11th terms are the Reynolds number Re and Morton number Mo. Since the  -Buckingham 
theorem states that any dimensionless number can be replaced by a combination of itself and other 
dimensionless numbers, the Morton number is introduced in Equation (2-2) because it is a constant 
in most hydraulic model studies, when air and water are used in both laboratory experiment and 
prototype flows. 
Considering a steady turbulent flow in a rectangular culvert barrel operating in free-surface flow 
and equipped with baffles, a similar dimensional reasoning yields: 
 
c
x
c c cc
s b bx o
c c c cc
3 1 1 1
c c 11
4t H
3c
t
c
d ,d
x y zV , , ,, d d dV
k h Lv ' B , S , , , , T yp e ,, d d d dV F d V v 'P , , , ,g d d Vg d
L V D g, , , ...d
gT , ...d
                       

 (2-3) 
where hb and Lb are respectively the baffle height and longitudinal baffle spacing, and Type refers 
                                                 
4 In Equation (2-2), the use of the critical flow depth and velocity as relevant length and velocity scales 
assumes implicitly the selection of a Froude similitude, commonly selected in free-surface flow studies. 
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to the baffle type. 
Traditionally hydraulic model studies are performed using geometrically similar models. In a 
geometrically similar model, the fluid flow conditions are said to be similar to those in the 
prototype if the model displays similarity of form, similarity of motion and similarity of forces 
(LIGGETT 1994, CHANSON 1999b). If a geometric, kinematic or dynamic similarity is not 
fulfilled, scale effects in terms of the parameters of interest may take place and discrepancies may 
occur between model data extrapolation and prototype performances. In a physical model, true 
similarity can be achieved if and only if each dimensionless parameter has the same value in both 
model and prototype. That is: 
 
m p
m p
m p
Fr Fr
Re Re
Mo Mo



 (2-4) 
where the subscripts m and p refer to the model and prototype conditions respectively. Scale effects 
may take place when one or more dimensionless terms have different values between the laboratory 
and prototype. Considering prototype culvert flows (Fig. 2-1) and experimental flumes used to test 
culvert performances (Fig. 2-2), can we extrapolate the laboratory results to full-scale culvert 
structures with minimum scale effects? 
Open channel flows including culvert flows are investigated based upon a Froude similarity because 
gravity effects are always significant (HENDERSON 1966, NOVAK and CABELKA 1994, 
LIGGETT 1994). The turbulent flow is dominated by viscous and dissipative effects. Any true 
similarity of culvert flow requires achieving identical Froude, Reynolds and Morton numbers in 
both the prototype culvert and its laboratory model: i.e., Equation (2-4). This is impossible. In 
practice, the Froude and Morton similarities are simultaneously employed when the same fluids, air 
and water, are used in prototype and model. Thus the Reynolds number is underestimated in 
laboratory (5) and viscous-scale effects may be experienced in very small-size hydraulic models (6). 
Herein the experiments were conducted in a large size facility (Fig. 2-2B) operating at relatively 
large Reynolds numbers: Re > 2×105. The channel was 12 m long and 0.5 m wide, corresponding to 
a small box culvert barrel (e.g. Fig. 2-1D), or to a 1:5 scale model of a single cell for the structures 
seen in Figures 2-1A to 2-1C. 
 
                                                 
5 For example, Rem  2.6×105 in the model seen in Figure 2-2A and Rem  4.4×105 in the model seen in 
Figure 2-2B, compared to prototype flow conditions corresponding to Rep  2.3×107 in Figure 2-1A. 
6 In particular if the model Reynolds numbers Rem is less than 5,000 to 10,000 (HENDERSON 1966, 
NOVAK and CABELKA 1981, CHANSON 1999b). 
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(A) Standard box culvert model used by CHANSON and UYS (2016) - Flow direction from 
foreground to background, Q = 0.010 m3/s, barrel dimensions: B = 0.150 m & D = 0.105 m 
    
(B) Box culvert barrel model (Present study) - Left: looking upstream; Right: side view through the 
left sidewall - Flow direction from foreground to background, Q = 0.055 m3/s, B = 0.50 m, So = 0, 
triangular baffles: hb = 0.133 m, Lb = 0.66 m 
Fig. 2-2 - Culvert model operations 
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3. EXPERIMENTAL FACILITY AND INSTRUMENTATION 
3.1 DESCRIPTION 
New experiments were conducted in the Seddon bio-hydrodynamics laboratory at the University of 
Queensland. Measurements were conducted in a 12 m long 0.5 m wide rectangular tilting flume. 
The channel bed was horizontal herein, i.e. So = 0. A horizontal slope was selected to reduce the 
number of independent variables in Equation (2-1) and to eliminate any gravity effects in relation to 
upstream fish passage (Appendix H). The flume was made of smooth PVC bed and glass walls (Fig. 
3-1). The waters were supplied by a constant head tank feeding a large intake basin (2.1 m long, 1.1 
m wide, 1.1 m deep) leading to the test section through a series of flow straighteners, followed by 
convergent bottom and sidewalls. The channel outlet was a free overfall at x = 12 m, where x is the 
longitudinal distance from the upstream end of the test section, positive downstream. Stainless steel 
screens were installed at both upstream and downstream ends  to ensure the safety of small fish (7). 
The same flume was previously used by SIMON and CHANSON (2013) and LENG and 
CHANSON (2014), without upstream and downstream screens, and by WANG et al. (2016a) with 
the screens. 
The water discharge was supplied by a constant head reticulation system, equipped with a 
biological filter system, enabling fish-friendly chemical-free water. The flow rate was measured 
with an orifice meter that was designed based upon the British Standards (British Standard 1943) 
and calibrated on site. The percentage of error was expected to be less than 2% on the discharge 
measurement. The water depths were measured using rail mounted pointer gauges with an accuracy 
of ±0.5 mm. Velocity and pressure measurements were conducted with a Prandtl-Pitot tube. The 
Pitot tube was a Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm diameter tube made of 
corrosion resistant stainless steel, and featured a hemispherical total pressure tapping (Ø = 1.19 
mm) at the tip and four equally spaced static pressure tappings (Ø = 0.51 mm) located 25.4 mm 
behind the tip. The tip design met AMCA and ASHRAE specifications and the tube did not require 
calibration (8). The translation of the Pitot-Prandtl probe in the vertical direction was controlled by a 
fine adjustment travelling mechanism connected to a MitutoyoTM digimatic scale unit. The error on 
the vertical position of the probes was z < ±0.025 mm. The accuracy on the longitudinal position 
                                                 
7 The mesh wire had a 1.6 mm diameter, the mesh pattern was square and the mesh opening was 6.75 mm 
(inside dimensions) (WANG et al. 2016a). The upstream screen was located in the intake basin immediately 
upstream of the bottom and sidewall convergent. The downstream screen was located 0.57 m upstream of the 
free overfall. 
8 Reference: http://www.dwyer-inst.com/Product/TestEquipment/PitotTubes/Series160. 
12 
was estimated as x < ±2 mm. The accuracy on the transverse position of the probe was less than 1 
mm. 
The experiments were documented using a digital SLR camera PentaxTM K-3 as well as a digital 
camera CasioTM Exilim EX-10 with high-speed video capabilities. 
 
 
(A) Dry channel with triangular baffles (hb = 0.133 m, Lb = 1.33 m) 
 
(B) Channel operation for Q = 0.055 m3/s (flow direction from left to right) - Note the Prandtl-Pitot 
tube on the right and a triangular baffle on the left (hb = 0.066 m) 
Fig. 3-1 - Photographs of the experimental facility 
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3.2 CALIBRATION OF THE PRANDTL-PITOT TUBE 
A Prandtl-Pitot tube may be used to determine the shear stress at a wall in a turbulent boundary 
layer, when the tube is in contact with the wall (PRESTON 1954, PATEL 1965, CHANSON 2014) 
(9). The concept is based upon dimensional and theoretical considerations (see review in Appendix 
C). Herein the calibration of the Prandtl-Pitot tube was conducted in open channel flows. The full 
results are presented in Appendix D. The relationship between the boundary shear stress and 
Prandtl-Pitot tube reading was derived (Fig. 3-1). The result followed closely a solution of the 
Prandtl mixing length model in the wall region (Appendix C): 
 
2
2 b
o 2
V
N     (3-1) 
where o is the local skin friction boundary shear stress,  is the fluid density,  is the von Karman 
constant ( = 0.4), N is the power law exponent and Vb is the velocity measured by the Prandtl-Pitot 
tube lying on the boundary. The theoretical solution (Eq. (3-1)) is close to the calibration curves 
obtained by PRESTON (1954) and PATEL (1965) in wind tunnels, and MACINTOSH (1990) and 
CHANSON (2000b) in open channels (Fig. 3-2). 
 
Vb (m/s)
 o 
(Pa
)
0 0.2 0.4 0.6 0.8 1 1.2
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Fig. 3-2 - Calibration curve of the Prandtl-Pitot tube for boundary shear stress – Comparison with 
PATEL’s (1965) correlation and Equation (3-1) assuming N = 7 
 
                                                 
9 When a Prandtl-Pitot tube is used to estimated bed shear stress, it is also called a Pitot-Prandtl-Preston tube. 
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The Prandtl-Pitot tube was further tested facing downstream (Appendix D). The dynamic head 
became smaller than the static head, since the dynamic tapping was in the wake of the tube. Despite 
some data scatter caused by the very small pressure difference between the total and static tappings, 
the velocity and head difference were best correlated by: 
 0.538xV 17.81 ( H)     with R = 0.801  (3-2) 
where V is the velocity in m/s, H is the difference between the total head and piezometric head in 
m, and R is the normalised correlation coefficient. Developed for a Pitot tube facing downstream, 
Equation (3-2) may be applied when the Prandtl-Pitot tube was deployed in a flow reversal region. 
In such a case, the negative velocity would be deduced as 
 0.538xV 17.81 ( H)      (3-3) 
 
3.3 BAFFLE CONFIGURATIONS AND CHARACTERISTICS 
Several boundary configurations were tested in the 12 m long flume. Reference experiments were 
performed with the smooth PVC invert and smooth sidewalls (Smooth Boundary). Further 
experiments were conducted with several types of isosceles triangular baffle configurations (Fig. 3-
3). The design presented some analogy with corner baffles proposed for round culverts (BATES et 
al. 2003, OLSEN and TULLIS 2013) and box culverts (QUADRIO 2007). The triangular baffles 
were fixed in the bottom left corner of the flume (Fig. 3-1A). Each baffle was an isosceles triangle 
with a 45 angle (10). Three different sizes were tested and six different longitudinal spacings were 
used for each baffle size (Table 3-1, Fig. 3-3) (11). Altogether, all 18 configurations were tested with 
a constant baffle size and spacing for the whole channel length. 
 
3.4 EXPERIMENTAL FLOW CONDITIONS 
Several series of experiments were conducted in the 12 m long 0.5 m wide flume. The 
measurements focused on the flow patterns and effects of baffle configurations on the turbulent 
flow properties (12). Table 3-1 summarises the experimental flow conditions and shows a 
comparison with previous relevant studies. 
Free-surface measurements and dye injection observations were conducted for all triangular baffle 
configurations and three flow rates. Detailed velocity measurements were performed with a 
                                                 
10 The baffles were 4 mm thick, made of acrylic and cut with a laser machine. 
11 The mounting bracket had negligible effects on the flow field, as evidenced through preliminary dye 
injection tests. 
12 in a channel with some relatively high inflow turbulence (WANG et al. 2016a). 
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narrower range of boundary conditions and flow rates. 
 
 
Fig. 3-3 - Photograph of triangular baffles in culvert barrel model: four baffles of three sizes (hb = 
0.033 m, 0.066 m and 0.133 m from foreground to background) - Looking upstream 
 
Table 3-1 - Experimental investigations of box culvert barrel models 
 
Reference Barrel 
dimensions 
Q Boundary configurations Instrument(s) 
  (m3/s)   
CHANSON & 
UYS (2016) 
B = 0.150 m 
H = 0.105 m 
L = 0.50 m 
0.001 to 
0.014 
Smooth boundaries 
Rough invert (P40 & P60 sandpaper) 
Diagonal baffles (hb = 0.012 m, Lb = 0.100 
m) 
Streamlined diagonal baffles (hb = 0.012 m, 
Lb = 0.100 m) 
Corner baffles (hb = 0.020 m, Lb = 0.100 m) 
Partial pipe 
Pointer gauge 
WANG et al. 
(2016a) 
B = 0.50 m & 
0.478 m 
L = 12 m 
0.0261 
0.0556 
Config. 1: smooth boundaries 
Config 2: rough invert and smooth 
sidewalls 
Config. 3: rough invert and rough left 
sidewall 
Pointer gauge 
Acoustic Doppler 
velocimeter 
Present study B = 0.50 m 
L = 12 m 
0.0261 
0.035 
0.0556 
Smooth boundary 
Triangular baffles: 
   hb = 0.033, 0.067. 0.133 m 
   Lb = 0.33, 0.67, 1.0, 1.33, 1.67, 2.0 m 
Pointer gauge 
Prandtl-Pitot tube 
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4. EXPERIMENTAL RESULTS 
4.1 PRESENTATION 
At the upstream end of the flume, the flow was quasi-uniform with thin sidewall and bottom 
boundary layers. With increasing longitudinal distance, a bottom boundary layer developed. In the 
smooth boundary configuration, the outer edge of the developing boundary layer interacted with the 
free-surface for x > 4 to 6 m depending upon the flow rate, where x is the longitudinal co-ordinate 
positive downstream (WANG et al. 2016a). With the baffle boundary configurations (1), the flow 
became three-dimensional as a result of the turbulence generated by the baffles, and the flow was 
fully-three-dimensional for x > 4 m. In the following paragraphs, the experimental observations 
were focused on the fully-developed flow region, i.e. x > 4-6 m depending upon the flow rate, 
unless specifically indicated. 
Experimental observations were conducted for a range of flow rates and boundary configurations 
listed in Table 4-1. First, free-surface measurements and visual observations were performed to 
record the basic flow patterns, including recirculation motion behind baffles, as well as the flow 
resistance of the channel equipped (or not) with triangular baffles. Following this work, detailed 
velocity and pressure measurements were conducted. The results are presented and discussed in the 
next sections. 
 
Table 4-1 - Experimental investigations 
 
Reference Barrel 
dimensions 
Q Boundary configurations Instrument(s) 
  (m3/s)   
Present study B = 0.50 m 
L = 12 m 
0.0261 
0.035 
0.0556 
Smooth boundary 
Triangular baffles: 
hb = 0.033, 0.067. 0.133 m 
Lb = 0.33, 0.67, 1.0, 1.33, 1.66, 2.0 m 
Pointer gauge 
  0.0261 Smooth boundary 
Triangular baffles: 
 hb = 0.067 m, Lb = 0.67 m 
 hb = 0.133 m, Lb = 1.33 m 
Pointer gauge & 
Prandtl-Pitot tube 
  0.0556 Smooth boundary 
Triangular baffles: 
 hb = 0.067 m, Lb = 0.67 m 
 hb = 0.133 m, Lb = 0.67 m 
 hb = 0.133 m, Lb = 1.33 m 
 
 
Notes: B: internal channel width; hb: baffle height; L: channel test section length; Lb: longitudinal 
                                                 
1 The first baffle was located at about x ~ 0.5 m. 
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baffle spacing; Q: discharge. 
 
4.2 FLOW PATTERNS, FREE-SURFACE OBSERVATIONS AND FLOW RESISTANCE 
For all flow conditions, the free-surface was relatively smooth along the flume. Typically the water 
depth decreased with increasing longitudinal distance, typical of a H2 backwater profile. The data 
showed however a local increase in depth towards the downstream end of the flume, caused by the 
presence of the downstream screen and associated localised head loss. Figure 4-1 presents typical 
free-surface profiles for the smooth bed, as well as for the smallest and largest baffle configurations. 
In Figure 4-1, x is the longitudinal distance measured from the upstream end of the flume, d is the 
flow depth and dc is the critical flow depth: dc = (Q2/(gB2))1/3. While the smallest baffles had little 
impact on the free-surface data, the water depth tended to increase with baffle size in response to 
some increase in flow resistance generated by the triangular baffles. 
For the largest baffles, the free-surface presented some localised dip immediately downstream of 
each baffle next to the left sidewall (2), as illustrated in Figure 4-2. This dip phenomenon was only 
observed for hb = 0.133 m, all flow conditions and all longitudinal baffle spacings, and it was 
localised next to the left sidewall. It is believed to be linked to local flow separation in the near-
wake of the baffle, associated with a local fluid acceleration and associated pressure reduction, 
according to ideal-fluid flow theory. The noticeable dip indicated some localised energy dissipation 
linked to major flow redistributions induced by the baffles. The free-surface dip and associated 
streamline curvature might suggest locally a non-hydrostatic pressure gradient (3). 
Recirculation visualisations using dye injection were conducted for all baffle configurations at 
about x = 4.5 m and x = 8.1 m. The visual observations showed clearly the flow separation taking 
place at each baffle outer edge, with a region of local flow acceleration, a shear zone and 
recirculation region in the wake of the baffle. Several flow features were identified between 
successive baffles. Schematics are presented in Figure 4-3, with coloured sections and arrows. 
The bulk of the flow took place for y/(B-hb) < 1, where y is the transverse distance measured from 
the right sidewall (Zone 1). No recirculation or flow reversal was observed there, including next to 
the right smooth sidewall. At the inclined edge of the triangular baffle, flow separation took place 
and a shear zone developed immediately downstream (Fig. 4-3A). In the shear zone (Zone 2), 
momentum was transferred from the high velocity region to the recirculation region behind the 
baffle (Zone 3). The intense shear at the velocity discontinuity induced turbulence and some 
recirculation fluid was entrained and accelerated, whereas a portion of the main flow lost some 
                                                 
2 In an open channel, the left sidewall is on the left when looking downstream. 
3 Hydrostatic pressure distributions require parallel streamlines and an absence of streamline curvature. 
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momentum. The thickness of the shear layer affected by the exchange of momentum is known as 
the mixing layer or shear layer and its thickness increased with increasing downstream distance 
(RAJARATNAM 1976, SCHLICHTING 1979). 
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(A) Smooth channel and channel equipped with small triangular baffles (hb = 0.033 m) 
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(B) Smooth channel and channel equipped with large triangular baffles (hb = 0.133 m) 
Fig. 4-1 - Free-surface profiles in the 12 m long flume with and without triangular baffles - Flow 
conditions: Q = 0.0556 m3/s, dc = 0.108 m - Centreline measurements 
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Fig. 4-2 - Local free-surface dip immediately downstream of the largest baffles (hb = 0.133 m) next 
to the left sidewall - Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.66 m, flow direction from right to left - 
Arrow points to the free-surface dip 
 
Behind each baffle, a sizeable zone of flow reversal (Zone 3) was observed, where the water flowed 
in the negative direction: i.e., the opposite direction of Zone 1. Such a recirculation region may 
serve as rest areas for fish (CAHOON et al. 2007, OLSEN and TULLIS 2013), although 
recirculation might have detrimental effect on small fish passage, with fish being affected by the 
sudden change in flow direction (Appendix H). At the downstream end of the recirculation region, 
the re-attachment region (Zone 3.5) was characterised by a highly turbulent motion with a mean 
velocity about zero. The length of the re-attachment region ranged from 0.05 m for medium baffles 
to 0.05-0.1 m for large baffles: i.e., of the order of baffle height. 
Further downstream and immediately upstream of each baffle, a small stagnation region was 
observed (Zone 4). This region was characterised by a change in fluid direction, as the streamlines 
spread around the baffle (Fig. 4-3A). Locally the fluid velocity was small. Visual observations 
showed that small fish could use the stagnation region as a rest zone (Appendix H). 
Overall the visual observations suggested that the flow velocity and baffle spacing had no visible 
effect on the overall recirculation pattern for the investigated flow conditions. The baffle size 
mostly increased the flow reversal region (Zone 3), particularly its longitudinal size, while the 
stagnation region (Zone 4) became more pronounced for the largest baffle size. Through injection 
of dye, recirculation regions behind baffles were clearly marked and their dimensions appeared to 
20 
have a height equal to or slightly less than the baffle size. The length of flow reversal area increased 
with increasing baffle size. That is, the flow reversal region was about 0.19 m long for the medium 
baffles (hb = 0.066 m) and 0.3-0.4 m long for the large baffles (hb = 0.133 m), namely, of the order 
of three baffle heights. 
 
 
(A) Definition sketch - Flow direction from bottom left to top right 
 
 
(B) Schematic flow for the largest baffles (hb = 0.133 m) - Flow direction from right to left 
Fig. 4-3 - Flow patterns and recirculation motion between two successive baffles along the left 
sidewall 
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Flow resistance 
The flow resistance of the triangular baffle boundary configurations was tested in the 12 m long 
flume for a range of steady flow conditions, and the results were compared to the smooth channel 
results. The gradually-varied flow profiles were recorded in the fully-developed flow region. The 
spatially-averaged boundary shear stress o was deduced from the measured free-surface profiles 
and estimated friction slopes in the fully-developed flow region (x > 5 m) (Appendix A). The 
friction slope Sf is the slope of the total head line. Sf is related to the Darcy-Weisbach friction factor 
f by: 
 
2meanf H
VS f 2 g D     (4-1) 
where f is the Darcy-Weisbach friction factor, Vmean is the cross-sectional averaged velocity (or 
flow velocity), g is the gravity acceleration and DH is the equivalent pipe diameter (HENDERSON 
1966, CHANSON 2004). Herein the Darcy-Weisbach friction factor is basically a dimensionless 
boundary shear stress since (LIGGETT 1994, CHANSON 2004): 
 o
2mean
f 1 V8


 (4-2) 
Study results are presented in Figures 4-4 and 4-5, where DH is the hydraulic diameter and Re is the 
Reynolds number defined in terms of the cross-sectional averaged velocity Vmean and hydraulic 
diameter DH. The full data set is reported in Appendix A. In Figure 4-4, the data are compared to 
the Karman-Nikuradse formula for smooth turbulent flows (SCHLICHTING 1979, CHANSON 
2014) and to the data of WANG et al. (2016a). The smooth boundary configuration data were in 
close agreement with smooth turbulent flow results, while the data with the largest relative baffle 
heights compared favourably with the rough wall configuration data of WANG et al. (2016a), in the 
same flume. Figure 4-5 illustrates the combined effect of relative baffle height hb/DH and relative 
baffle spacing hb/Lb. Simply, the data showed an increasing friction factor with increasing relative 
baffle height for a given ratio hb/Lb. The flow resistance further increased with increasing ratio hb/Lb 
for a constant relative baffle height hb/DH. 
Overall the presence of triangular baffles had a moderate effect on the flow resistance, as reported 
by CHANSON and UYS (2016) in a small-size culvert model. The present data were compared to 
the application of the Borda-Carnot formula (KINDSVATER 1961, CHANSON 1999a) to 
triangular baffles. While it predicted the trend of the form drag induced by the triangular baffles, the 
Borda-Carnot formula was found to underestimate the form drag magnitude, by 20% to 80% 
depending upon the conditions (Appendix B). It is believed that the Borda-Carnot formula did not 
account for the strong velocity redistribution downstream of each baffle and associated transverse 
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motion and secondary currents.  
Herein the Darcy-Weibach friction factor data for the triangular baffle channel were best correlated 
by: 
 
0.4014
b
2
b
hf f ' 0.285 L B d
      
 (4-3) 
where B is the channel width, d is the flow depth and f' is the smooth turbulent flow friction factor 
calculated using the Karman-Nikuradse formula (4): 
  101 2.0 log Re f ' 0.8f '      (4-4) 
valid for 3103 < Re < 3106 (HENDERSON 1966, SCHLICHTING 1979, CHANSON 2004). In 
Equation (4-3) right hanside, the first term relates to the skin friction while the second term is the 
form drag component, which is a function of the baffle characteristics (i.e. size and spacing). 
Equation (4-3) was developed for open channel equipped with triangular baffles for 0.026 < Q < 
0.056 m3/s, B = 0.5 m, 0 < hb < 0.133 m and 0.33 m < Lb < 2 m. It was compared successfully to the 
data, with a normalised correlation coefficient of 0.936 and a standard error of 0.000854 (Appendix 
B). 
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Fig. 4-4 - Darcy-Weisbach friction factor as a function of the Reynolds number - Comparison with 
the Karman-Nikuradse formula for smooth turbulent flows and with the data of WANG et al. 
                                                 
4 Developed for smooth turbulent flow, the Karman-Nikuradse formula is also called Prandtl's universal law 
of friction for smooth pipes (SCHLICHTING 1979, CHANSON 2014). 
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(2016a) (Table 3-1) 
 
 
Fig. 4-5 - Darcy-Weisbach friction factor as a function of the relative baffle height hb/DH and 
relative baffle spacing hb/Lb (Present study only) 
 
4.3 VELOCITY DISTRIBUTIONS 
Detailed velocity measurements were conducted with smooth and triangular baffle boundary 
configurations (Table 4-1). The full experimental results are presented in Appendices E and F. All 
Prandtl-Pitot tube data indicated that the pressure distributions were hydrostatic everywhere, 
including immediately downstream of baffles. Herein the longitudinal velocity data are presented. 
In the smooth channel, the upstream flow was characterised by a developing boundary layer with an 
ideal fluid flow region above. Once the outer edge of the boundary layer interacted with the free-
surface, the flow became fully-developed. Typical vertical distributions of time-averaged 
longitudinal velocity Vx are shown in Figure 4-6A, at x = 8.15 m in the fully-developed flow 
region. In the presence of triangular baffles at the bottom left corner, the flow was asymmetrical, 
owing to the wake behind each baffle. The velocities in the channel were not uniformly distributed 
and the velocity field was skewed, with large velocities towards the right half of the channel. This 
was clearly evidenced by dye injection showing a recirculation motion in the near-wake of each 
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baffle, with some flow pattern next to the left corner (section 4.2). The resulting flow motion led to 
a complicated secondary flow pattern. Next to the left corner, the flow was retarded, and some flow 
motion was generated at right angle to the longitudinal stream: i.e., secondary currents. Secondary 
currents transport momentum from the region of high-velocity towards the slow flow regions 
(HINZE 1967, SCHLICHTING 1979, MONTES 1998) and play a major role in open channel flows 
(KNIGHT et al. 1984, MACINTOSH 1990, NEZU and NAKAGAWA 1993, APELT and XIE 
2011). 
Typical time-averaged longitudinal velocity contours are illustrated in Figure 4-7 for the baffled 
channel. In Figure 4-7, the left graphs correspond to Q = 0.0261 m3/s, hb = 0.067 m and Lb = 0.67 
m, while the right graphs are for Q = 0.0556 m3/s, hb = 0.133 m and Lb = 1.33 m. From top to 
bottom, the graphs correspond to X  0.05, 0.25, 0.5 and 0.75, where X is the relative distance 
between two successive baffles: X = (x-xb)/Lb, with hb the baffle height, Lb the baffle spacing and xb 
the position of the lead baffle. In each contour plot, the left axis corresponds to the smooth right 
wall and the right axis to the left wall, where the baffles were located. Note the graphs' axis 
distortion. The full data sets are reported in Appendix F. Immediately downstream of a baffle, the 
near-wake region was characterised by some negative flow motion close to the bottom left corner. 
This is seen in Figure 4-7A (Right) and 4-7B (Right). With increasing downstream distance, the left 
corner flow region remained affected by some slow flow motion. The pattern led to some flow 
concentration towards the right part of the channel, with a thinner right sidewall boundary layer 
region, and a slow-velocity region close to the left sidewall. 
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(A) Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Left: Q = 0.0261 
m3/s, x = 8.15 m, d = 0.096 m; Right: Q = 0.0556 m3/s, x = 8.15 m, d = 0.171 m 
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(B) Contour plots time-averaged longitudinal velocity Vx (in m/s) - Left: Q = 0.0261 m3/s, x = 8.15 
m, d = 0.096 m; Right: Q = 0.0556 m3/s, x = 8.15 m, d = 0.171 m 
Fig. 4-6 - Longitudinal velocity distributions in the smooth channel - Left: Q = 0.0261 m3/s; Right: 
Q = 0.0556 m3/s 
  
(A) X = 0.05 & 0.024 
  
(B) X = 0.235 & 0.252 
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(C) X = 0.50 
  
(D) X = 0.765 & 0.756 
Fig. 4-7 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Left: Q = 0.0261 m3/s, 
d = 0.121 m, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m (5); Right: Q = 0.0556 m3/s, d = 0.172 m, hb = 
0.133 m, Lb = 1.33 m, xb = 8.12 m 
 
A phenomenon of velocity dip is seen in Figure 4-7. Namely, the maximum velocity Vmax at a given 
transverse location was observed below the free-surface, at a vertical elevation ZVmax/d < 1 where d 
is the depth of flow. The dip in velocity profile was believed to be linked to intense secondary 
motion and transverse momentum exchange (NEZU and RODI 1985, APELT and XIE 2011). 
Herein, the maximum velocity and its location were found to be functions of the transverse 
locations (Fig. 4-8 to 4-10). Figures 4-8 to 4-10 regroup experimental observations in smooth and 
triangular baffle channels, where B is the channel width, Vmean is the cross-sectional averaged 
                                                 
5 For Q = 0.0261 m3/s, hb = 0.067 m and Lb = 0.67 m, negative velocity data were not recorded at x = 8.15 m 
(X = 0.05) but labelled Vx = 0. 
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velocity: Vmean = Q/(Bd), and Vfs is the velocity next to the free-surface. Full results are reported 
in Appendix F (section F.3). 
On average, the cross sectional maximum velocity (Vmax/Vmean)M  1.05 was observed at about 
ZVmax/d  0.9 and YVmax/B  0.5 in the smooth boundary channel. In the triangular baffle channel, 
the data yielded (Vmax/Vmean)M  1.33 at about ZVmax/d  0.65 and YVmax/B  0.26 in average. That 
is, the cross-sectional maximum was observed below the free-surface towards the right smooth 
sidewall in presence of triangular baffles in the left corner. 
The maximum velocity Vmax/Vmean data showed transverse distributions with decreasing values with 
decreasing distance from the triangular baffles (Fig. 4-8). The presence of corner baffles induced a 
significant deceleration of the entire water column close to the left sidewall, for 0.44 < hb/d < 1.3. 
The results suggested however that the effects of baffles increased with increasing relative baffle 
height hb/d, in particular for 0.5 < hb/d. 
The relative elevation ZVmax/d of maximum velocity showed a broad scatter in the triangular baffle 
channel. Next to the left sidewall, the maximum velocity was typically observed at ZVmax/hb  1.1. It 
is believed that this corresponded to the region of local fluid acceleration around the baffle and 
wake separation streamline, as predicted by ideal-fluid flow and free-streamline theory 
(HELMHOLTZ 1868, STREETER 1948, CHANSON 2014). 
On the channel centreline (y/B = 0.5) of the smooth boundary channel, the ratio of maximum 
velocity to free-surface velocity Vmax/Vfs equalled 1.01 in average. For comparison, NEZU and 
RODI (1985) reported Vmax/Vfs  1.1 in a smooth and wide channel (B/d = 10). In triangular baffle 
channels, the ratio of maximum velocity to free-surface velocity was consistently larger close to the 
left sidewall (i.e. triangular baffle wall), with values as large as 2 (Fig. 4-10). 
Within the experimental flow conditions (Table 4-1), the velocity measurements showed some 
effect of the flow rate, baffle height and baffle spacing on the velocity flow field.  
For a given baffle configuration (i.e. hb and Lb constant), a larger discharge Q was associated with a 
lesser effect of the triangular baffle, in terms of the maximum velocity and its location. For 
example, let us consider the baffle configuration hb = 0.067 m and Lb = 0.67 m. When the flow rate 
increased from 0.0261 m3/s to 0.556 m3/s, the relative baffle surface area 0.5hb2/A decreased by 
25%, from 0.036 down to 0.026, where A is the flow cross-section area. For Q = 0.0261 m3/s, the 
velocity data yielded 0.9 < Vmax/Vmean < 1.5, observed within 0.4 < ZVmax/d < 0.75. In comparison, 
the observations for Q = 0.0556 m3/s gave 0.85 < Vmax/Vmean < 1.15, observed within 0.4 < ZVmax/d 
< 1. A similar trend was observed with an increase of baffle height hb for a given flow rate Q = 
0.0556 m3/s and identical baffle spacing Lb/hb= 10. An increase of baffle height hb was associated 
with a greater impact on the flow field, Q and Lb/hb being kept constant. 
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Fig. 4-8 - Transverse distribution of dimensionless maximum velocity Vmax/Vmean as a function of 
the transverse location y/B 
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Fig. 4-9 - Transverse distribution of dimensionless location ZVmax/d as a function of the transverse 
location y/B 
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Fig. 4-10 - Transverse distribution of dimensionless velocity ratio Vmax/Vfs as a function of the 
transverse location y/B 
 
The effect of baffle spacing Lb/hb was tested for one flow rate Q = 0.0556 m3/s and one baffle 
height hb = 0.133 m. Within the experimental conditions (Lb/hb = 5 & 10), the baffle spacing had 
little effect. It is believed that a similar flow pattern was observed in both cases: i.e., some baffle-
wake interference and interacting flow. Basically, the far wake behind each corner baffle interacted 
with the downstream baffle, and the flow did not fully-recover towards a two-dimensional state 
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before the next triangular baffle element. Such a type of wake interference (6) was documented in 
flow past strip roughness and rectangular cavities (MORRIS 1955, KNIGHT and MACDONALD 
1979, SCHLICHTING 1979, DJENIDI et al. 1999). 
 
                                                 
6 The wake-interference flow is also called interactive flow (VOGEL 1994). 
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5. DISCUSSION 
5.1 LOW-VELOCITY REGIONS 
In a box culvert barrel, there is range of fluid flow velocities, ranging from the cross-sectional 
maximum water velocity (Vmax)M, the bulk velocity Vmean = Q/(B×d), to small local velocities Vx 
close to the boundaries. Present results are summarised in Table 5-1, and compared to earlier 
observations by WANG et al. (2016a) in the same flume, equipped with very-rough invert and left 
sidewall. Table 5-1 presents the cross-sectional average velocity Vmean, the cross-sectional 
maximum water velocity (Vmax)M , as well as the percentage of flow cross-section area where the 
time-averaged longitudinal velocity Vx was less than Vmean, 0.75Vmean and 0.5Vmean (Table 5-1, 
last three columns). 
In the smooth boundary channel, 5-10% of the flow area experienced time-averaged velocities less 
than 0.5×Vmean. This relative surface area was considerably higher in the triangular baffle channel, 
with 10-25% of the flow area experiencing Vx < 0.5×Vmean, depending upon the flow rate and baffle 
configuration. For comparison, with rough sidewall and invert boundary conditions (WANG et al. 
2016, Configuration 3), the percentage of the flow area with time-averaged velocities less than 
0.5×Vmean was 17%. 
The present results indicated that the presence of triangular baffles increased by a factor two to 
three the size of slow-flow regions. A similar finding was observed by WANG et al. (2016a) with 
rough invert and left sidewall. Such low velocity regions are preferential swimming zones for fish, 
as shown by LUPANDIN (2005) and COTEL et al. (2006), and should be favorable to small-bodied 
fish passage, since these fish tend to prefer to swim next to sidewalls and flume corners (WANG et 
al. 2016b, WANG and CHANSON 2017). Even so, further experiments involving detailed fish 
behaviour study are required. 
A key difference between the baffle and rough wall configurations is the longitudinal distribution of 
the flow. Figure 5-1 shows photographs of the two configurations. With triangular baffles, flow 
singularities takes place at each baffle, where separation occurs. In the very-rough invert and 
sidewall configuration, on the other hand, the flow resistance is regularly distributed and flow 
separation is minimum, typically restricted to the very-near wall region. In the former case, the flow 
recirculation behind each baffle may provide rest area for small body fish, whereas the latter 
configuration only provides slow-velocity regions next to the rough boundaries and in the corner 
regions. Some discussion on upstream fish swimming is presented in Appendix H. 
Overall the present findings confirmed the limited field observations in a box culvert equipped with 
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a different type of corner baffles (QUADRIO 2007) (7). 
 
Table 5-1 - Experimental observations of cross-sectional maximum velocities and percentage of 
wetted cross-section with time-averaged velocity range in the fully-developed flow region (x ~ 8 m) 
 
Ref. So B Q hb Lb d Vmean X (Vmax)M % flow area with Vx < 
          Vmean 0.75Vmean 0.5Vmean 
  (m) (m3/s) (m) (m) (m) (m/s)  (m/s)    
Present study            
Smooth 0 0.5 0.0261 N/A N/A 0.096 0.544 N/A 0.569 70.8% 36.4% 5.3% 
invert   0.0556 N/A N/A 0.162 0.686 N/A 0.714 72.7% 25.9% 10.4% 
Baffles 0 0.5 0.0261 0.067 0.67 0.121 0.431 0.048 0.642 39.6% 17.3% 14.9% 
        0.235 0.640 30.5% 20.6% 14.3% 
        0.500 0.602 43.7% 18.3% 12.1% 
        0.765 0.649 30.7% 19.3% 10.3% 
   0.0556 0.067 0.67 0.1625 0.684 0.048 0.767 43.8% 20.9% 13.5% 
        0.235 0.754 59.1% 24.8% 13.8% 
        0.500 0.774 63.0% 22.0% 11.5% 
        0.765 0.741 58.7% 31.5% 9.7% 
   0.0556 0.133 0.67 0.173 0.643 0.048 0.858 51.9% 26.3% 17.5% 
        0.235 0.861 38.8% 22.5% 16.6% 
        0.500 0.817 67.9% 31.5% 26.1% 
        0.765 0.835 54.2% 28.9% 14.4% 
   0.0261 0.133 1.33 0.1035 0.504 0.048 0.786 35.7% 29.9% 22.7% 
        0.235 0.774 44.1% 30.5% 24.0% 
        0.500 0.741 55.0% 35.1% 16.3% 
        0.765 0.744 48.1% 30.7% 16.2% 
WANG et al. (2016a)           
Rough 0 0.4785 0.0261 N/A N/A 0.129 0.423 N/A 0.755 45% 30% 17% 
invert & 
wall 
  0.0556 N/A N/A 0.1743 0.667 N/A 0.957    
 
                                                 
7 The field study was conducted in the Discovery Drive box culvert, University Creek, near James Cook 
University campus, Townsville (QLD). 
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(A, Left) Q = 0.0556 m3/s, triangular baffles: hb = 0.067 m, Lb = 0.67 m 
(B, Right) Q = 0.0261 m3/s, rough invert and left sidewall 
Fig. 5-1 - Photographs of juvenile silver perch (Bidyanus bidyanus) swimming upstream in 
triangular baffle channel (Present study) and rough boundary channel (WANG et al. 2016a) - Flow 
direction from left to right 
 
5.2 BOUNDARY SHEAR STRESS DISTRIBUTION 
The skin friction boundary shear stress was measured using the Prandtl-Pitot tube. Typical results 
are shown in Figure 5-2, in the form of contour plots of the skin friction on the bed. It is 
acknowledged that the data do not include the shear stress distribution on the sidewalls. Full results 
are reported in Appendix G. 
The experimental results showed that the skin friction shear stress (o)skin was symmetrically 
distributed about the channel centreline, for the smooth boundary channel. In presence of triangular 
baffles, the skin friction shear stress was larger towards the right sidewall (Fig. 5-2). This was the 
consequence of flow separation behind the baffle and flow concentration towards the right sidewall. 
Figure 5-3 shows a typical contour plot of dimensionless skin friction resistance (o)skin/o, where o 
is the total boundary shear stress (section 4.2). In the triangular baffle channel, the results showed 
that the skin friction boundary shear stress was less than the total boundary shear stress: i.e., 
(o)skin/o < 1. The data were spatially-averaged over a longitudinal baffle spacing Lb (Table 5-2). 
Depending upon the baffle configuration (size, spacing) and flow rate, the ratio of skin friction 
resistance to total flow resistance fskin/f ranged from 0.21 to 0.58. 
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Fig. 5-2 - Contour plot of dimensional bed boundary shear stress (o)skin in Pascals in triangular 
baffle channel - Flow direction from left to right, xb = 8.12 m, Q = 0.0261 m3/s, hb = 0.067 m, Lb = 
0.67 m - Solid black lines are triangular baffles (xb = 8.12 m & 8.79 m) 
 
 
Fig. 5-3 - Contour plot of dimensionless bed boundary shear stress (o)skin/o in triangular baffle 
channel - Flow direction from left to right, xb = 8.12 m & 9.45 m, Q = 0.0556 m3/s, hb = 0.133 m, 
Lb = 1.33 m 
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Table 5-2 - Spatial-averaged skin friction boundary shear stress in the fully-developed flow in 
triangular baffle channel (xb = 8.12 m) 
 
Boundary 
configuration 
Baffle 
height 
Baffle 
spacing 
Q d Vmean f (o)skin fskin 
 hb Lb       
 (m) (m) (m3/s) (m) (m/s)  (Pa)  
Smooth N/A N/A 0.0261 0.096 0.544 0.0161 -- -- 
 N/A N/A 0.0556 0.162 0.686 0.0145 -- -- 
Baffles 0.067 0.66 0.0261 0.1 0.431 0.0325 0.436 0.0188 
 0.067 0.66 0.0556 0.1625 0.684 0.0365 0.599 0.0102 
 0.133 0.66 0.0556 0.166 0.643 0.0587 0.660 0.0128 
 0.133 1.33 0.0556 0.172 0.647 0.0529 0.674 0.0129 
 
Notes: f: dimensionless total boundary shear stress; fskin: dimensionless skin friction boundary shear 
stress; Vmean: cross-section average velocity; (o)skin: spatial-averaged skin friction boundary shear 
stress; spatial averaging calculated over a baffle spacing Lb. 
 
Application 
The present findings may be applied to estimate the total head loss of a standard box culvert 
equipped with triangular baffles. In first approximation, the total head loss is a combination of the 
entrance loss, flow resistance in the barrel and exit loss : 
 
2 2 2
mean mean mean
H
V V VLH 0.5 f2 g D 2 g 2 g          (5-1) 
where Vmean is the bulk velocity in the barrel, g is the gravity acceleration, f is the total boundary 
shear friction factor, L is the barrel length and DH is the hydraulic diameter: DH =4A/Pw, with A 
the flow cross-section area and Pw the wetted perimeter. In Equation (5-1), right handside, the first 
two terms account for the singular losses at the entrance and exit respectively, while the third term 
corresponds to the regular losses in the barrel. 
Equation (5-1) was tested against the experimental data of CHANSON and UYS (2016) for both 
smooth boundary barrel (B = 0.15 m) and triangular baffle barrel (hb = 0.02, Lb = 0.1 m). The 
friction factor was calculated based upon the present experimental results: namely Equation (4-4) 
and (4-3) respectively. The results are reported in Figure 5-4, showing the predicted total head loss 
of a standard box culvert (Eq. (5-1)) as a function of the observed data. Both smooth boundary 
culvert barrel and triangular baffle culvert barrel results are presented. Despite its very simplistic 
form, Equation (5-1) provided estimates within the correct order of magnitude. Some scatter is 
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acknowledged, and errors are likely to be linked to the simplistic culvert outlet loss calculations (8). 
Assuming simplistically that the head loss equals the afflux, a first estimate of the afflux for a 
standard box culvert equipped triangular baffles may be provided using Equation (4-3). Comparing 
a smooth box culvert and a box culvert equipped with triangular baffles, the increase in afflux 
caused by the triangular baffles may be grossly approximated as: 
 
0.4014 2
b mean
2 Hb
h VL(Afflux) 0.285 D 2 gL B d
         
 (5-2) 
where Vmean is the bulk velocity in the barrel, L is the barrel length, d and DH are respectively the 
water depth and hydraulic diameter of the barrel flow, and B is the internal barrel width. 
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Fig. 5-4 - Total head loss predictions (Eq. (5-1)) as function of total head loss observations in 
smooth boundary culvert barrel and triangular baffle culvert barrel - Data: CHANSON and UYS 
(2016), barrel dimensions: B = 0.15 m, L = 0.5 m; triangular baffles: hb = 0.02, Lb = 0.1 m 
 
5.3 VERTICAL PRESSURE DISTRIBUTIONS 
Immediately downstream of large baffles (hb/d > 0.50), the free-surface presented some curvature 
associated with a local dip in free-surface elevation. This is illustrated in Figures 4-2 and 5-5 
(Inset). Detailed pressure measurements were conducted in that flow region to confirm that the 
                                                 
8 For the data of CHANSON and UYS (2016), the culvert exit losses accounted for about 60% of the total 
head losses. 
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pressure distributions were hydrostatic. Typical results are presented in Figure 5-5, showing the 
vertical distributions of static pressure P and specific energy E, as well as the tip of the triangular 
baffle (hb/d = 0.77). 
Despite the recirculation and free-surface curvature, the pressure distributions were basically 
hydrostatic for all investigated flow conditions, including immediately downstream of the largest 
baffles for which the largest free-surface dip was observed. Although intuitive, the finding may be 
important for future numerical modelling. 
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Fig. 5-5 - Vertical distributions of static pressure and specific energy immediately behind a large 
baffle - Flow conditions: Q = 0.0556 m3/s, xb = 8.12 m, hb = 0.133 m, Lb = 0.67 m, x = 8.15 m, y = 
0.48 m, d = 0.173 m - The dashed line (hb/d = 0.77) corresponds to the top of the triangular baffle - 
Inset (Right): flow behind large baffle, flow direction from right to left 
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6. CONCLUSION 
A simple triangular baffle system was developed by CHANSON and UYS (2016) for standard box 
culverts, producing little reduction in discharge capacity while creating slow flow regions upstream 
and downstream of baffles. Such a basic baffle design may assist with the upstream passage of 
small body mass fish in culvert structures on a very flat bed slope. The system was herein tested 
systematically in a near-full-scale physical facility, 0.5 m wide and 12 m long, corresponding to a 
small road culvert structure. The results may be extrapolated to larger culvert structures based upon 
a Froude similitude. Experiments were repeated with several configurations to characterise the flow 
properties for a range of flow rate, baffle size and spacing (Fig. 6-1). The experimental observations 
included basic flow patterns, free-surface measurements, total flow resistance, velocity 
distributions, pressure profiles and skin friction boundary shear stress distributions. 
The observations indicated several key flow features between successive baffles. These included 
flow separation immediately downstream of the inclined edge of the triangular baffle, followed by a 
shear zone. In the wake of each baffle, a recirculation region was evidenced with flow reversal. The 
recirculation region height was about the baffle size hb, while its length was of the order of three 
baffle heights (3hb). Further downstream and immediately upstream of the next baffle, a stagnation 
region was observed, characterised by a change in fluid direction, as the streamlines spread around 
the baffle, and in which the fluid velocity was small (Fig. 6-1). For all flow conditions, the free-
surface was relatively smooth along the entire flume. For the largest baffles (hb/d > 0.5), the free-
surface presented some local dip immediately downstream of each baffle. The total flow resistance 
of smooth and triangular baffle channels was tested. In the fully-developed flow region, the 
spatially-averaged boundary shear stress o was deduced from the measured free-surface profiles 
and friction slopes. The presence of triangular baffles had a moderate effect on the flow resistance, 
albeit the data indicated the combined effect of relative baffle height hb/DH and spacing hb/Lb on the 
friction factor. An empirical correlation for the Darcy-Weibach friction factor of the triangular 
baffle channel was developed (Eq. (4-3)). Note that the present flow and boundary conditions 
corresponded a baffle-wake interference pattern. The wake behind each corner baffle interacted 
with the downstream baffle, and the flow did not fully-recover towards a two-dimensional state 
before the next triangular baffle element. 
Detailed velocity and pressure measurements were conducted with smooth and triangular baffle 
boundary configurations. All the data indicated that the pressure distributions were hydrostatic. In 
presence of triangular baffles, the flow was asymmetrical, owing to the wake behind each baffle. 
The velocity field was skewed, with large velocities towards the smooth sidewall half of the 
channel. This was clearly evidenced with negative velocity measurements behind the baffles and 
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complicated velocity distributions next to the left corner. The present data indicated that the 
presence of triangular baffles increased by a factor of two to three the surface area of slow velocity 
regions. Such low velocity regions are preferential swimming zones for fish and would be 
beneficial to small-bodied fish passage. Preliminary observations with small fish confirmed the 
hypothesis (Appendix H). 
In the open channel, the total boundary shear stress o may be divided into a skin friction and form 
drag component. Skin friction boundary shear stress data showed larger skin friction towards the 
smooth (right) sidewall. The skin friction boundary shear stress was consistently smaller than the 
total boundary shear stress in the triangular baffle channel. The spatially-averaged data yielded 
ratios of skin friction resistance to total flow resistance (o)skin/o ranging from 0.21 to 0.58, 
depending upon the baffle configuration (size, spacing) and flow rate. 
Altogether the present investigation delivered a detailed characterisation of the flow field in smooth 
and triangular baffle channels, at a scale comparable to a small standard box culvert barrel. The 
results may provide the relevant data to derive a predictive physically-based model of the flow 
characteristics of triangular baffle culverts, for a range of non-design flow conditions. 
 
 
Fig. 6-1 - Juvenile silver perch (Bidyanus bidyanus) swimming upstream immediately upstream of a 
triangular baffle in the stagnation zone (Zone 4) - Flow direction from left to right, Q = 0.0556 m3/s, 
triangular baffles: hb = 0.067 m, Lb = 0.67 m, 2 < xb < 5 m 
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APPENDIX A - FLOW RESISTANCE IN ISOSCELES TRIANGLE BAFFLE 
CHANNEL 
A.1 PRESENTATION 
New experiments were conducted in the Seddon bio-hydrodynamics laboratory at the University of 
Queensland. Measurements were conducted in a 12 m long 0.5 m wide rectangular tilting flume. 
The channel bed was horizontal herein (So = 0). Several boundary configurations were tested in the 
12 m long flume. Reference experiments were performed with the smooth PVC invert and smooth 
sidewalls (Smooth Boundary). Further experiments were conducted with several triangular baffle 
configurations (Fig. A-1). The triangular baffles were fixed in the bottom left corner of the flume. 
Each triangular baffle was an isosceles triangle with a 45 angle. The baffles were 4 mm thick, 
made of acrylic and cut with a laser machine. Three different sizes were tested and six different 
longitudinal spacing were used for each baffle size (Table A-1). Herein all 18 configurations were 
tested with a constant baffle size hb and longitudinal spacing Lb for the whole channel length. 
The hydraulic roughness of the triangular baffle boundary configurations was tested in the 12 m 
long flume for a range of steady flow conditions. The gradually-varied flow profiles were recorded 
in the fully-developed flow region for a range of steady flow rates. The spatially-averaged boundary 
shear stress was deduced from the measured free-surface profiles and estimated friction slopes in 
the fully-developed flow region (x > 5 m). The friction slope Sf is the slope of the total head line. Sf 
is related to the Darcy-Weisbach friction factor f by: 
 
2meanf H
VS f 2 g D     (A-1) 
where f is the Darcy-Weisbach friction factor, Vmean is the cross-sectional averaged velocity (or 
flow velocity), g is the gravity acceleration and DH is the equivalent pipe diameter (HENDERSON 
1966, CHANSON 2004). The Darcy-Weisbach friction factor is basically a dimensionless boundary 
shear stress since (LIGGETT 1994, CHANSON 2004): 
 o
2mean
f 1 V8


 (A-2) 
The present data are presented in Section A.2. 
 
A-2 
Table A-1 - Experimental investigations of box culvert barrel models (So = 0) 
 
Reference Barrel 
dimensions 
Q Boundary configurations 
  (m3/s)  
WANG et al. 
(2016a) 
B = 0.50 m & 
0.478 m 
L = 12 m 
0.0261 
0.0556 
Config. 1: smooth boundaries 
Config 2: rough invert and smooth sidewalls 
Config. 3: rough invert and rough left sidewall (B = 0.478 m) 
Present study B = 0.50 m 
L = 12 m 
0.0261 
0.035 
0.0556 
Smooth boundary 
Triangular baffles: 
 hb = 0.033, 0.067. 0.133 m 
 Lb = 0.33, 0.67, 1.0, 1.33, 1.67, 2.0 m 
 
 
Fig. A-1 - Dry channel with triangular baffles (hb = 0.133 m, Lb = 1.33 m), looking upstream 
 
List of symbols 
A channel cross-section area (m2); 
B channel width (m); herein B = 0.50 m; 
DH hydraulic diameter depth (m); 
d water depth (m); 
dc critical flow depth (m); 
f Darcy-Weisbach friction factor; the Darcy-Weisbach friction is a dimensionless 
boundary shear stress: 
 o 2
mean
8f V
   
g gravity acceleration (m/s2): g = 9.794 m/s2 in Brisbane, Australia; 
hb triangular baffle height (m); 
A-3 
ks equivalent sand roughness height (m); 
L channel length (m); 
Lb longitudinal spacing (m) between baffles; 
Q water discharge (m3/s); 
Pw wetted perimeter (m); 
Re Reynolds number defined in terms of the hydraulic diameter: Re = VmeanDH/; 
Sf friction slope; 
So bed slope; 
Vmean cross-sectional averaged flow velocity (m/s) positive downstream; 
x longitudinal distance (m) positive downstream; 
o boundary shear stress (Pa); for a baffled channel configuration, o is a spatial-averaged 
boundary shear stress; 
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A.2 TABULAR DATA 
 
Ref. Baffle 
height 
Baffle 
spacing 
Q x d f 
 hb Lb     
 (m) (m) (m3/s) (m) (m)  
Smooth N/A N/A 0.0261 5 0.102 0.0162 
Smooth N/A N/A 0.035 5 0.1245 0.0155 
Smooth N/A N/A 0.0556 5 0.167 0.0145 
Smooth N/A N/A 0.0261 8 0.096 0.0161 
Smooth N/A N/A 0.035 8 0.119 0.0155 
Smooth N/A N/A 0.0556 8 0.162 0.0145 
Small 0.033 0.33 0.0261 8 0.097 0.0282 
Small 0.033 0.67 0.0261 8 0.099 0.0215 
Small 0.033 1 0.0261 8 0.098 0.0238 
Small 0.033 1.33 0.0261 8 0.097 0.0266 
Small 0.033 1.67 0.0261 8 0.098 0.0182 
Small 0.033 2 0.0261 8 0.097 0.0258 
Medium 0.067 0.33 0.0261 8 0.1 0.0380 
Medium 0.067 0.67 0.0261 8 0.1 0.0325 
Medium 0.067 1 0.0261 8 0.1 0.0281 
Medium 0.067 1.33 0.0261 8 0.1 0.0314 
Medium 0.067 1.67 0.0261 8 0.0975 0.0338 
Medium 0.067 2 0.0261 8 0.1 0.0289 
Large 0.133 0.33 0.0261 8 0.1 0.1064 
Large 0.133 0.67 0.0261 8 0.0965 0.0752 
Large 0.133 1 0.0261 8 0.096 0.1009 
Large 0.133 1.33 0.0261 8 0.1035 0.0754 
Large 0.133 1.67 0.0261 8 0.092 0.0485 
Large 0.133 2 0.0261 8 0.106 0.0680 
Small 0.033 0.33 0.035 8 0.117 0.0248 
Small 0.033 0.67 0.035 8 0.12 0.0218 
Small 0.033 1 0.035 8 0.119 0.0229 
Small 0.033 1.33 0.035 8 0.118 0.0284 
Small 0.033 1.67 0.035 8 0.119 0.0229 
Small 0.033 2 0.035 8 0.121 0.0200 
Medium 0.067 0.33 0.035 8 0.122 0.0397 
Medium 0.067 0.67 0.035 8 0.121 0.0311 
Medium 0.067 1 0.035 8 0.1195 0.0332 
Medium 0.067 1.33 0.035 8 0.121 0.0364 
Medium 0.067 1.67 0.035 8 0.123 0.0301 
Medium 0.067 2 0.035 8 0.122 0.0301 
Large 0.133 0.33 0.035 8 0.124 0.0873 
Large 0.133 0.67 0.035 8 0.125 0.0918 
Large 0.133 1 0.035 8 0.124 0.0806 
Large 0.133 1.33 0.035 8 0.126 0.0843 
Large 0.133 1.67 0.035 8 0.126 0.0495 
Large 0.133 2 0.035 8 0.1275 0.0596 
Small 0.033 0.33 0.0556 8 0.164 0.0293 
Small 0.033 0.67 0.0556 8 0.162 0.0182 
Small 0.033 1 0.0556 8 0.163 0.0148 
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Small 0.033 1.33 0.0556 8 0.163 0.0166 
Small 0.033 1.67 0.0556 8 0.164 0.0189 
Small 0.033 2 0.0556 8 0.164 0.0199 
Medium 0.067 0.33 0.0556 8 0.167 0.0374 
Medium 0.067 0.67 0.0556 8 0.1625 0.0365 
Medium 0.067 1 0.0556 8 0.165 0.0358 
Medium 0.067 1.33 0.0556 8 0.1675 0.0362 
Medium 0.067 1.67 0.0556 8 0.167 0.0336 
Medium 0.067 2 0.0556 8 0.164 0.0363 
Large 0.133 0.33 0.0556 8 0.171 0.0969 
Large 0.133 0.67 0.0556 8 0.166 0.0587 
Large 0.133 1 0.0556 8 0.174 0.0460 
Large 0.133 1.33 0.0556 8 0.172 0.0529 
Large 0.133 1.67 0.0556 8 0.1715 0.0506 
Large 0.133 2 0.0556 8 0.1735 0.0346 
 
Note: Grey shading: data affected by ripples and waves at the free-surface. 
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A.3 GRAPHICAL PRESENTATION 
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Fig. A-1 - Darcy-Weisbach friction factor f as a function of the Reynolds number Re - Comparison 
with the Karman-Nikuradse formula for smooth turbulent flows (red solid line) and with the data of 
WANG et al. (2016a) (diamond symbols) 
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Fig. A-2 - Darcy-Weisbach friction factor f as a function of the Reynolds number Re and relative 
baffle height hb/DH (Present study only) 
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Fig. A-3 - Darcy-Weisbach friction factor f as a function of the relative baffle height hb/DH and 
relative baffle spacing hb/Lb (Present study only) 
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APPENDIX B - BORDA-CARNOT FORMULA FOR HEAD LOSSES IN 
TRIANGULAR BAFFLE CHANNEL (BY H. CHANSON) 
In a channel equipped with regularly spaced baffles, the boundary friction is related to the skin 
friction and to the form losses caused by the baffles. The effect of baffles is particularly substantial 
for relatively large baffle elements. Herein we consider a rectangular open channel equipped with 
regularly-spaced baffles. The mean (1) boundary shear stress o may be divided into a skin friction 
and form drag component: 
 o o o' "      (B-1) 
whereo' is the skin friction shear stress and o" is the form-related shear stress. At a sudden flow 
expansion, the total head loss equals: 
 
22
2 2
1
V AH K 12 g A
        
 (B-2) 
where A1 and A2 are respectively the upstream and downstream cross-sectional areas of the flow 
(A1 < A2), V2 is the downstream flow velocity and K is a head loss coefficient, function of the ratio 
A1/A2. For A1/A2 close to unity, K  1. This formula is called the Borda-Carnot formula after the 
French scientists J.C. de BORDA (1733-1799) and S. CARNOT (1796-1832) (CHANSON 1999a). 
The derivation of the Borda-Carnot formula is based on the one-dimensional momentum and energy 
principles (KINDSVATER 1961).  
The Borda-Carnot formula may be applied (2) to a wide rectangular channel with isocell 45º 
triangular baffles: 
 
22 2
mean b
2
b
V hH 2 g 2 B d h
        
 (B-3) 
where Vmean is the mean flow velocity in the channel, d is the flow depth, B is the channel width 
and hb is the 45º isosceles triangular baffle height (Fig. B-1). 
 
                                                 
1 That is, the mean boundary shear stress over the wetted area, or spatially-averaged boundary shear stress. 
2 A similar reasoning was applied to two-dimensional bed forms by ENGELUND (1966) and CHANSON 
(2000b,2004). 
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Fig. B-1 - Definition sketch of a rectangular open channel equipped with 45º isosceles triangular 
baffles along the left bottom corner 
 
For h2/(2Bd) << 1, Equation (B-3) becomes: 
 
22 2
mean bV hH 2 g 2 B d
       
 
2
bh 12 B d     (B-4) 
That is, the head loss along a section of length Lb equipped with a baffle element (longitudinal 
spacing Lb) equals: 
 
4 2
b H b mean
2 2 Hb
h D L VH D 2 g4 B d L
         
 
2
bh 12 B d     (B-5) 
neglecting the interactions between two successive baffle elements. For a relatively wide channel 
(DH  4d), it yields: 
 
4 2bo mean2
b
h1" V8 L B d      (B-6) 
In dimensionless form, the form loss may be crudely analysed as a sudden expansion downstream 
of the triangular baffle: 
 
4
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h Df " 4 L B d
     
2
bh 12 B d     (B-7) 
For a relatively wide channel (DH  4d), it becomes: 
 
4
b
2
b
hf " L B d    
2
bh 12 B d     (B-8) 
Equation (B-7) was tested for flow resistance data in a 0.5 m wide open channel equipped with 
triangular baffles for 0.026 < Q < 0.056 m3/s, 0 < hb < 0.133 m and 0.33 m < Lb < 2 m. All 
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measurements were taken at x > 5 m where the flow was fully-developed. Results are presented in 
Figure B-2, showing the observed dimensionless boundary shear stress f (3) as a function of f'+f", 
where f' was calculated using the Colebrook-White formula for turbulent flows and f" was 
estimated using Equation (B-7). The results suggest that Equation (B-7) predicted the trend of the 
form drag induced by the triangular baffles, albeit it was found to underestimate grossly its 
magnitude. Calculations were further performed with different values of the head loss coefficient K 
(Eq. (B-2), that is 1 < K < 10, without meaningful outcomes. It is believed that the Borda-Carnot 
formula did not account for the strong velocity redistribution downstream of each baffle and 
associated transverse motion and secondary currents. Indeed it must be noted that the Borda-Carnot 
equation does not take into account any effect of non-uniform velocity distribution on the energy 
and momentum fluxes (KINDSVATER 1961). 
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Fig. B-2 - Dimensionless boundary shear stress f observations as a function of f'+f", where f" was 
calculated calculated using Equation (B-7) 
 
For the present data set, the Darcy-Weibach friction factor data were best correlated by: 
 
0.4014
b
2
b
hf f ' 0.285 L B d
      
 
2
bh 12 B d     (B-9) 
where f' is calculated using the Karman-Nikuradse formula (4), with a normalised correlation 
                                                 
3 That is, f = 8o/(V2). 
4 For smooth turbulent flow, the Darcy-Weisbach friction factor is best correlated by: 
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coefficient of 0.936 and a standard error of 0.000854. Equation (B-9) is compared to present 
experimental observations in Figure B-3. 
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Fig. B-3 - Dimensionless boundary shear stress: comparison between observations and Equation 
(B-9) 
 
                                                                                                                                                                  
  101 2.0 log Re f ' 0.8f '       for 3103 < Re < 3106 
where Re is the Reynolds number (HENDERSON 1966, SCHLICHTING 1979, CHANSON 2004,2014). 
The expression is called the Karman-Nikuradse formula, or Prandtl's universal law of friction for smooth 
pipes. 
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APPENDIX C - THEORETICAL CALIBRATION OF PITOT-PRANDTL-
PRESTON TUBE (BY H. CHANSON AND X. LENG) 
C.1 PRESENTATION 
A Pitot-Prandtl-Preston tube may be used to determine the shear stress at a wall in a turbulent 
boundary layer (Fig. C-1) (PRESTON 1954, PATEL 1965). The tube is in contact with the wall and 
the (skin friction) boundary shear stress is deduced from a calibration curve between the velocity 
head and the shear stress. On the basis of the velocity distribution shape, several calibrations of the 
Pitot-Prandtl-Preston tube may be derived. 
 
 
Fig. C-1 - Sketch of a Pitot-Prandtl-Preston tube lying on a solid boundary 
 
Comments 
The Pitot tube is named after Henri PITOT (1695-1771) who invented a tubular device to measure 
flow velocity in the Seine river, with the first presentation in 1732 at the Académie des Sciences. 
Ludwig PRANDTL (1875-1953) developed an improved Pitot tube design which provided direct 
measurements of the total head, piezometric head and velocity head (HOWE 1949, 
TROSKOLANSKI 1960). The accuracy of the Pitot-Prandtl tube is about 1% of the differential 
pressure under correct conditions of pressure recording. Although the concept relies on the tube 
alignment with the streamlines, the Prandtl-Pitot tube design gives a differential pressure error less 
than 1% for angles of deviations within the limits ±17º (HOWE 1949, TROKOLANSKI 1960, 
CHANSON 2000b). 
Based upon dimensional considerations, PRESTON (1954) showed that the skin friction is 
measurable with a Pitot tube lying on the boundary (Fig. C-1), although the tube diameter must be 
less than 20% of the boundary layer thickness. His work was extended by BRADSHAW and 
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GREGORY (1961), HEAD and RECHENBERG (1962), and PATEL (1965). MACINTOSH (1990) 
and CHANSON (2000b) developed independently some calibration relationships for Pitot-Prandtl-
Preston tubes in open channel flows. Several studies suggested that each tube must be calibrated 
independently, preferably in-situ, rather than relying on PATEL's (1965) correlations 
(KAZEMIPOUR and APELT 1983, MACINTOSH 1990, MACINTOSH and ISAACS 1992, XIE 
1998, CHANSON 2000b). 
 
C.2 PITOT-PRANDTL-PRESTON TUBE PRINCIPLES 
The term "shear flow" characterises a fluid motion with a velocity gradient in a direction normal to 
the mean flow direction such as a boundary layer flow along a flat plate (Fig. C-1). Some 
momentum is transferred from the region of high velocity to that of low-velocity, while the fluid 
tends to resist the shear associated with the transfer of momentum. The shear stress is proportional 
to the rate of transfer of momentum. In a turbulent boundary layer, the velocity is zero at the 
boundary: i.e., z = 0 (Fig. C-1). For z > 0, the boundary layer flow motion can be divided into three 
regions: (1) an inner wall region next to the solid boundary where the turbulent stress is negligible 
and the viscous stress is large, (2) a wall region, sometimes called a turbulent zone, where the 
turbulent stress is larger then the viscous stress, and (3) an outer region above (SCHLICHTING 
1979, CHANSON 2014). Above the outer edge of the developing boundary layer, a fourth region is 
(4) the ideal-fluid flow region. Several studies showed that the first three regions are also observed 
in fully-developed open channel flows (NEZU and NAKAGAWA 1993, NEZU 2005). 
On the basis of the velocity distribution shape, several calibrations of the Pitot-Prandtl-Preston tube 
are derived theoretically below. Herein Vb is the velocity measured with the Pitot-Prandtl-Preston 
tube lying on the boundary and zb equals half of the Pitot-Prandtl-Preston tube outer diameter. 
 
C.2.1 Inner wall region 
When a Pitot tube is lying on the wall, it measures the velocity Vb at a distance zb from the wall 
equal to half the Pitot tube outer diameter. Assuming that the Pitot tube is within the inner wall 
layer, the time-averaged longitudinal velocity satisfies: 
 b * b
*
V V z
V
    (C-1) 
Replacing the shear velocity V* by its expression in terms of the boundary shear stress o, it 
becomes: 
 bo
b
V
z    (C-2) 
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In practice, Equation (C-2) is only valid in a very thin flow region: V*zb/ < 5, where  and  
are the fluid density and dynamic viscosity respectively. Practically, Pitot-Prandtl-Preston tubes are 
more often used in the wall region with appropriate calibration. 
 
C.2.2 Wall region 
Assuming that the Pitot tube is within the wall region, the time-averaged longitudinal velocity 
satisfies: 
 b * b o
*
V V z1 Ln DV
         (C-3) 
where  is the von Karman constant ( = 0.4) and where Do is an integration constant. Replacing 
the shear velocity V* by its expression in terms of the boundary shear stress o, it becomes the 
solution of a non-linear equation: 
 o o b o bz1 Ln D V
                 
 (C-4) 
The integration constant Do may be estimated as: 
 Do = D1 + D2  
where D1 = 5 and D2 is a function of the type of roughness and of roughness shape, height and 
spacing (SCHLICHTING 1979, SCHETZ 1993). 
For a smooth boundary (Do = D1 = 5), Equation (C-4) provides an explicit relationship between the 
velocity Vb measured with the Pitot-Prandtl-Preston tube lying on the boundary, the boundary shear 
stress o and the Pitot tube's outer diameter equal to 2zb. It is valid within the wall region z/ < 0.1 
to 0.15, where  is the boundary layer thickness. 
 
Wall region (fully-rough wall) 
For fully-rough turbulent flows in circular pipes with uniformly distributed sand roughness, D2 
equals: 
 s *2 k V1D 3 Ln          fully-rough turbulent flows in circular pipes (C-5) 
where ks is the equivalent sand roughness height. Assuming that the Pitot tube is within the wall 
region of a fully-rough turbulent boundary layer, the time-averaged longitudinal velocity satisfies: 
 b b
* s
V z1 Ln 8V k
      
 (C-6) 
for D1= 5. 
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Replacing the shear velocity V* by its expression in terms of the boundary shear stress o, it 
becomes: 
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              
 (C-7) 
 
C.2.3 Prandtl mixing length model 
For a turbulent flow, the velocity distribution in the whole boundary layer may be approximated by 
a power law (BARENBLATT 1994,1996, BUSCHMANN and GAD-EL-HAK 2003, GEORGE 
2006) (1). Within the boundary layer, the time-averaged longitudinal velocity satisfies: 
 
1/ N
x
max
V z
V
      (C-8) 
where Vmax is the free-stream velocity at the outer edge of the boundary layer: Vmax = V(z=) and N 
= 7 for a smooth turbulent boundary layer (SCHLICHTING 1979, LIGGETT 1994, CHANSON 
2014). 
In the wall region of a turbulent boundary layer, the Prandtl mixing length lm may be assumed to be 
(SCHLICHTING 1979, CHANSON 2014): 
 ml z   (C-9) 
where  is the von Karman constant ( = 0.4). 
At the wall the boundary shear stress equals: 
 xo T
y 0
V
y 
        (C-10) 
where T is the momentum exchange coefficient or "eddy viscosity", which is related to the velocity 
gradient as: 
 2 xT m Vl y
       (C-11) 
Replacing Equations (C-9) and (C-11) into Equation (C-10), it yields: 
                                                 
1 "The log and power law results seem virtually indistinguishable, at least for zero-pressure-gradient 
boundary layers" (GEORGE 2006). A key difference however is the range of validity of the law: the power 
law is valid throughout the entire boundary layer thickness (0 < z < δ) (BUSCHMANN and GAD-EL-HAK 
2003, CHANSON 2014). 
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If the velocity distribution follows Equation (C-8), the velocity gradient equals: 
 x xV Vy N y
    (C-13) 
and Equation (C-12) becomes: 
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N     (C-14) 
Equation (C-14) gives an expression of the boundary shear stress as a function of the velocity Vb 
measured with the Pitot-Prandtl-Preston tube lying on the boundary. Note that the result is 
independent of the tube diameter, contrarily to the findings of PATEL (1965) and MACINTOSH 
(1990), although Equation (C-14) implies that zb is the higher than viscous sub-layer. 
 
Note 
Assuming that (Vx/y)y=0  Vx/yo, a very crude simplification yields: 
 2 2o xV     (C-15) 
in first approximation. Equation (C-15) is however biased because it overestimates the velocity 
gradient. 
 
C.3 SUMMARY AND DISCUSSION 
Equations (C-4) and (C-14) give explicit relationships between the velocity Vb measured with the 
Pitot-Prandtl-Preston tube lying on the boundary and the skin friction boundary shear stress o. 
They are valid within the wall region z/ < 0.1 to 0.15. Both relationships are shown in Figure C-2, 
presenting the boundary shear stress as a function of Vb. Equation (C-4) was calculated for a 3.2 
mm diameter Pitot tube lying on a smooth wall (D2 = 0) and Equation (C-14) was estimated for a 
smooth turbulent boundary layer (N = 7). The result showed relatively small differences between 
the two relationships (Fig. C-2). 
In Figure C-2, both Equations (C-4) and (C-14) are compared to re-analysed experimental 
observations in fully-developed open channel flows in smooth rectangular flumes. These were 
obtained using 3.35 mm and 3.18 mm diameter Prandtl-Pitot tubes (CHANSON 2000b, Present 
study). 
Altogether the results showed a closer agreement between Equation (C-14) and experimental 
observation. 
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Fig. C-2 - Calibration curve of a Pitot-Prandtl-Preston tube for skin friction boundary shear stress - 
Comparison between Equations (C-4) and (C-14) and experimental observations with 3.2 mm 
diameter Pitot tube (Re-analysis of data by CHANSON 2000b, Present study) 
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APPENDIX D – EXPERIMENTAL CALIBRATION OF A PITOT-PRANDTL-
PRESTON TUBE (BY H. CHANSON, X. LENG, AND U. KIRI) 
D.1 PRESENTATION 
A Pitot-Prandtl-Preston tube may be used to determine the shear stress at a wall (i.e. skin friction) 
in a turbulent boundary layer, when the tube is in contact with the wall (PRESTON 1954, PATEL 
1965). The concept is based upon dimensional and theoretical considerations (App. C). Herein the 
calibration of a Prandtl-Pitot tube was conducted in open channel flows. The Pitot tube was a 
Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm diameter tube made of corrosion resistant 
stainless steel, and featured a hemispherical total pressure tapping (Ø = 1.19 mm) at the tip with 
four equally spaced static pressure tappings (Ø = 0.51 mm) located 25.4 mm behind the tip. The tip 
design met AMCA and ASHRAE specifications and the tube did not require calibration (1). The 
Prandtl-Pitot tube was connected to a 30º inclined air-water manometer, with both tubes opened to 
the atmosphere. 
The calibration data were obtained in three different channels (Table D-1, column 4): two 
rectangular channels in which the velocity data were obtained when the tube is in contact with the 
bed on the channel centreline, and one trapezoidal channel in which the boundary velocity was 
averaged over the entire wetted perimeter. First the tube was calibrated as a Pitot-Prandtl-Preston 
tube (section D.2). Later calibration data are shown when the tube faced downstream. 
 
Table D-1 – Calibration data sets of Pitot-Prandtl-Preston tube 
 
Reference Q Instrumentation Channel boundary conditions 
 (m3/s)   
CHANSON 
(2000b) 
0.010 to 
0.025 Prandtl-Pitot tube ( = 3.35 mm, hemispherical nose) 
Smooth rectangular channel (B = 0.25 m) 
Present study 0.0261 
0.0556 
Dwyer® 166 Series Prandtl-Pitot 
tube ( = 3.18 mm) 
Smooth rectangular channel (B = 0.50 m) 
 0.015 to 
0.101 
 Smooth trapezoidal channel (1V:5H 
transverse bed slope, vertical sidewalls 0.7 
m apart) 
 0.015 to 
0.101 
Dwyer® 166 Series Prandtl-Pitot 
tube ( = 3.18 mm) facing 
downstream 
 
 
                                                 
1 Reference: http://www.dwyer-inst.com/Product/TestEquipment/PitotTubes/Series160. 
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D.2 RESULTS 
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Fig. D-1 - Calibration curve of the Pitot-Prandtl-Preston tube for boundary shear stress: with the 
tube facing upstream – Comparison with PATEL’s (1965) correlation and Equation (C-14) 
assuming N = 7 
 
D.3 DISCUSSION 
The Pitot tube is designed to operate facing the flow and to record the total head and piezometric 
head. The velocity is deduced from the difference between the total and static pressure. DARCY 
(1858) pioneered the usage of a tube facing downstream to record some depression 
(TROSKOLANSKI 1960). Further studies developed instruments with a pressure tapping located in 
a wake region (HOWE 1949, MACINTOSH 1990, MACINTOSH and ISAACS 1992). 
Herein the Dwyer® 166 Series Prandtl-Pitot tube ( = 3.18 mm) was tested facing downstream 
(Fig. D-2, right). The dynamic head became smaller than the static head, since the dynamic tapping 
was in the wake of the tube. Results are presented in Figure D-3. Some scatter was observed, 
because of the very small pressure difference between the total and static tappings. 
For the Prandtl-Pitot tube facing downstream, the velocity Vx and head difference H were best 
correlated by: 
 0.538xV 17.81 ( H)     with R = 0.801  (D-1) 
 xV 0.318 149.1 H    for H < 0 and V > 0.4 m/s, with R = 0.943  (D-2) 
where Vx is in m/s, H is the difference between the total head and piezometric head, in metres, and 
D-3 
R is the normalised correlation coefficient. 
 
 
Fig. D-2 - Sketch of Prandtl-Pitot tube operation: facing upstream (Left) and downstream (Right) 
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Fig. D-3 - Calibration curve of the Dwyer® 166 Series Prandtl-Pitot tube ( = 3.18 mm) facing 
downstream 
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APPENDIX E – VELOCITY MEASUREMENTS IN THE SMOOTH 
BOUNDARY CHANNEL 
E.1 PRESENTATION 
Detailed velocity measurements were conducted in the smooth boundary channel. The channel bed 
was horizontal and made of smooth PVC. The sidewalls were made out of glass. The Pitot tube was 
a Dwyer® 166 Series Prandtl-Pitot tube with a 3.18 mm diameter tube made of corrosion resistant 
stainless steel, and featured a hemispherical total pressure tapping (Ø = 1.19 mm) at the tip with 
four equally spaced static pressure tappings (Ø = 0.51 mm) located 25.4 mm behind the tip. The tip 
design met AMCA and ASHRAE specifications and the tube did not require calibration (1). The 
Prandtl-Pitot tube was connected to a 30º inclined air-water manometer, with both tubes opened to 
the atmosphere. Measurements were conducted for one minute, after three minutes for the pressure 
readings to stabilise. 
Velocity measurements were performed in the fully-developed flow region for two discharges 
(Table E-1). In Table E-1, the present flow conditions are compared to earlier studies in the same 
channel. Results are presented in the next section. 
 
Table E-1 – Velocity measurements in the 12 m long 0.5 m wide smooth boundary channel 
 
Reference B So Q x y Instrumentation 
 (m)  (m3/s) (m) (m)  
LENG and CHANSON 
(2014) (1) 
0.50 0 0.025 
0.035 
5.0 
10.9 
0.25 Nortek Vectrino+ acoustic 
Doppler velocimeter 
WANG et al. (2016a) (2) 0.50 0 0.0261 
0.0556 
0.65 
1 
2 
2.8 
4 
5 
6.5 
8 
10 
0.25 Dwyer® 166 Series Prandtl-
Pitot tube ( = 3.18 mm) 
Present study (2) 0.50 0 0.0261 
0.0556 
8.15 0.08 
0.165 
0.25 
0.335 
0.42 
0.46 
0.48 
 
                                                 
1 Reference: http://www.dwyer-inst.com/Product/TestEquipment/PitotTubes/Series160. 
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Notes: B: channel width; Q discharge; So: bed slope; x: longitudinal distance measured from the 
upstream end of flume; y: transverse distance measured from right sidewall; (1) without upstream 
screen and with downstream Tainter gate; (2): with upstream and downstream screens and no 
downstream gate. 
 
List of symbols 
B channel width (m); 
d water depth (m); 
Q water discharge (m3/s); 
So bed slope; 
Vfs longitudinal velocity component (m/s) next to the free-surface in a vertical profile; 
Vmax maximum longitudinal velocity component (m/s) in a vertical profile; 
Vmean cross-sectional average velocity (m/s): Vmean = Q/(Bd); 
Vx longitudinal velocity component (m/s); 
x longitudinal distance (m) positive downstream; 
y transverse distance (m) measured from the right sidewall positive towards the left 
sidewall; 
ZVmax vertical elevation (m) where Vx = Vmax; 
z vertical distance (m) positive upwards with z = 0 at the invert. 
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E.2 RESULTS 
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Fig. E-1 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0261 m3/s, x = 8.15 m, d = 0.096 m 
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Fig. E-2 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, x = 8.15 m, d = 0.171 m 
E-4 
 
Fig. E-3 - Contour plots time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0261 m3/s, x = 8.15 m, d = 0.096 m 
 
Fig. E-3 - Contour plots time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0556 m3/s, x = 8.15 m, d = 0.171 m 
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E.3 DATA SUMMARY 
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Fig. E-4 - Transverse distribution of dimensionless maximum velocity Vmax/Vmean, its dimensionless 
location ZVmax/d and velocity ratio Vmax/Vfs as functions of the transverse location  at x  8.15 m in 
the 12 m long channel with smooth boundary conditions, with the same legend for all graphs 
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APPENDIX F – VELOCITY MEASUREMENTS IN TRIANGULAR BAFFLE 
RECTANGULAR CHANNELS 
F.1 PRESENTATION 
Detailed velocity measurements were conducted in the rectangular channel equipped with triangular 
baffles. The channel bed was horizontal. The Pitot tube was a Dwyer® 166 Series Prandtl-Pitot tube 
with a 3.18 mm diameter tube made of corrosion resistant stainless steel, and featured a 
hemispherical total pressure tapping (Ø = 1.19 mm) at the tip with four equally spaced static 
pressure tappings (Ø = 0.51 mm) located 25.4 mm behind the tip. The tip design met AMCA and 
ASHRAE specifications and the tube did not require calibration (1). The Prandtl-Pitot tube was 
connected to a 30º inclined air-water manometer, with both tubes opened to the atmosphere. 
Measurements were conducted for one minute, after three minutes for the pressure readings to 
stabilise. 
Experiments were conducted with several triangular baffle configurations (Fig. F-1). The triangular 
baffles were fixed in the bottom left corner of the flume. Each triangular baffle was an isosceles 
triangle with a 45 angle. Three different sizes were tested and six different longitudinal spacing 
were used for each baffle size (Table F-1). Each configuration was herein tested with a constant 
baffle size and spacing for the whole channel length. 
Velocity measurements were performed in the fully-developed flow region and the flow conditions 
are listed in Table F-1. For each configuration, the measurements were conducted at four 
longitudinal locations between two baffles: the first location was 0.03 m downstream of the 
reference baffle (x-xb = 0.03 m), while the other three relative locations were about X  0.25, 0.5 
and 0.75, where X = (x-xb)/Lb, x is the longitudinal coordinate positive downstream, xb is the 
longitudinal coordinate of upstream reference baffle, and Lb is the longitudinal spacing between 
baffles. Results are presented in the next section. 
 
List of symbols 
B channel width (m); 
d water depth (m); 
hb triangular baffle height (m); 
Lb longitudinal spacing (m) between baffles; 
Q water discharge (m3/s); 
So bed slope; 
                                                 
1 Reference: http://www.dwyer-inst.com/Product/TestEquipment/PitotTubes/Series160. 
F-2 
Vfs longitudinal velocity component (m/s) next to the free-surface in a vertical profile; 
Vmax maximum longitudinal velocity component (m/s) in a vertical profile; 
Vmean cross-sectional average velocity (m/s): Vmean = Q/(Bd); 
Vx longitudinal velocity component (m/s); 
X relative distance between baffles: X = (x-xb)/Lb; 
x longitudinal distance (m) positive downstream; 
xb longitudinal coordinate (m) of upstream reference baffle; 
y transverse distance (m) measured from the right sidewall positive towards the left 
sidewall; 
ZVmax vertical elevation (m) where Vx = Vmax; 
z vertical distance (m) positive upwards with z = 0 at the invert. 
 
Table F-1 – Velocity measurements in triangular baffle channel 
 
Reference B So Q xb y Boundary conditions 
 (m)  (m3/s) (m) (m)  
Present study (1) 0.50 0 0.0261 
& 
0.0556 
8.12 0.08 
0.165 
0.25 
Triangular baffles: 
hb = 0.067 m 
Lb = 0.67 m 
   0.0556  0.335 
0.42 
0.46 
Triangular baffles: 
hb = 0.133 m 
Lb = 0.67 m 
   0.0261 
& 
0.0556 
 0.48 Triangular baffles: 
hb = 0.133 m 
Lb = 1.33 m 
 
Notes: B: channel width; hb: baffle height; Lb: longitudinal baffle spacing; Q discharge; So: bed 
slope; x: longitudinal distance measured from the upstream end of flume; y: transverse distance 
measured from right sidewall; (1): with upstream and downstream screens and no downstream gate. 
 
 
(A) Large and medium baffles(hb = 0.133 m & 0.067 m) 
F-3 
 
(B) Large baffles installed in the dry rectangular channel (hb = 0.133 m, Lb = 1.33 m, B = 0.50 m) 
Fig. F-1 - Photographs of triangular baffles 
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F.2 RESULTS 
F.2.1 Medium-size baffle configuration: Q = 0.0261 m3/s, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m 
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Fig. F-2 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0261 m3/s, d = 0.121 m, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m - Locations: x = 
8.15 m, 8.275 m, 8.45 m & 8.625 m (X = 0.05, 0.235, 0.50 & 0.765) (2) 
                                                 
2 Negative velocity data were not recorded at x = 8.15 m (X = 0.05) but labelled Vx = 0. 
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Fig. F-3 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0261 m3/s, d = 0.121 m, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m - From top to bottom: x = 8.152 
m, 8.275 m, 8.45 m & 8.625 m (X = 0.05, 0.235, 0.50 & 0.765) (2) 
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F.2.2 Medium-size baffle configuration: Q = 0.0556 m3/s, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m 
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Fig. F-4 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, d = 0.163 m, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m - Locations: x = 
8.152 m, 8.275 m, 8.45 m & 8.625 m (X = 0.05, 0.235, 0.50 & 0.765) (3) 
                                                 
3 Negative velocity data were not recorded at x = 8.15 m (X = 0.05) but labelled Vx = 0. 
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Fig. F-5 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0556 m3/s, d = 0.163 m, hb = 0.067 m, Lb = 0.67 m, xb = 8.12 m - From top to bottom: x = 8.152 
m, 8.275 m, 8.45 m & 8.625 m (X = 0.05, 0.235, 0.50 & 0.765) (3) 
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F.2.3 Large baffle configuration: Q = 0.0556 m3/s, hb = 0.133 m, Lb = 0.67 m, xb = 8.12 m 
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Fig. F-6 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, d = 0.173 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.12 m - Locations: x = 
8.152 m, 8.275 m, 8.45 m & 8.625 m (X = 0.05, 0.235, 0.50 & 0.765) 
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Fig. F-7 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0556 m3/s, d = 0.173 m, hb = 0.133 m, Lb = 0.67 m, xb = 8.12 m - From top to bottom: x = 8.152 
m, 8.275 m, 8.45 m & 8.625 m (X = 0.05, 0.235, 0.50 & 0.765) 
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F.2.4 Large baffle configuration: Q = 0.0556 m3/s, hb = 0.133 m, Lb = 1.33 m, xb = 8.12 m 
Vx (m/s)
z (
m)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
X = 0.02
y = 0.48 m
y = 0.46 m
y = 0.42 m
y = 0.335 m
y = 0.25 m
y = 0.165 m
y = 0.08 m
 Vx (m/s)
z (
m)
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
X = 0.25
y = 0.48 m
y = 0.46 m
y = 0.42 m
y = 0.335 m
y = 0.25 m
y = 0.165 m
y = 0.08 m
 
Vx (m/s)
z (
m)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
X = 0.50
y = 0.48 m
y = 0.46 m
y = 0.42 m
y = 0.335 m
y = 0.25 m
y = 0.165 m
y = 0.08 m
 Vx (m/s)
z (
m)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
X = 0.76
y = 0.48 m
y = 0.46 m
y = 0.42 m
y = 0.335 m
y = 0.25 m
y = 0.165 m
y = 0.08 m
 
Fig. F-8 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0556 m3/s, d = 0.172 m, hb = 0.133 m, Lb = 1.33 m, xb = 8.12 m - Locations: x = 
8.152 m, 8.455 m, 8.79 m & 9.125 m (X = 0.024, 0.252, 0.504 & 0.756) 
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Fig. F-9 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0556 m3/s, d = 0.172 m, hb = 0.133 m, Lb = 1.33 m, xb = 8.12 m - From top to bottom: x = 8.152 
m, 8.455 m, 8.79 m & 9.125 m (X = 0.024, 0.252, 0.504 & 0.756) 
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F.2.5 Large baffle configuration: Q = 0.0261 m3/s, hb = 0.133 m, Lb = 1.33 m, xb = 8.12 m 
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Fig. F-10 - Vertical distributions of time-averaged longitudinal velocity Vx (in m/s) - Flow 
conditions: Q = 0.0261 m3/s, d = 0.103 m, hb = 0.133 m, Lb = 1.33 m, xb = 8.12 m - Locations: x = 
8.152 m, 8.455 m, 8.79 m & 9.125 m (X = 0.024, 0.252, 0.504 & 0.756) 
F-17 
 
 
F-18 
 
 
Fig. F-11 - Contour plots of time-averaged longitudinal velocity Vx (in m/s) - Flow conditions: Q = 
0.0261 m3/s, d = 0.103 m, hb = 0.133 m, Lb = 1.33 m, xb = 8.12 m - From top to bottom: x = 8.152 
m, 8.455 m, 8.79 m & 9.125 m (X = 0.024, 0.252, 0.504 & 0.756) 
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F.3 DATA SUMMARY 
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Fig. F-12 - Transverse distribution of dimensionless maximum velocity Vmax/Vmean as a function of 
the transverse location, with the same legend for all graphs 
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Fig. F-13 - Transverse distribution of dimensionless location ZVmax/d as a function of the transverse 
location, with the same legend for all graphs 
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Fig. F-14 - Transverse distribution of dimensionless velocity ratio Vmax/Vfs as a function of the 
transverse location, with the same legend for all graphs 
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Tabular data summary 
Q hb Lb xb x d Vmean X y/B Vmax/Vmean Vmax/Vfs ZVmax/d Comment 
(m3/s) (m) (m) (m) (m) (m) (m/s)       
0.0261 N/A N/A N/A 8.45 0.096 0.544 N/A 0.5 1.046 1.016 0.892 Smooth boundary 
        0.67 1.030 1.000 1.006  
        0.84 1.014 1.000 0.714  
        0.92 0.946 1.000 0.714  
        0.96 0.981 1.018 0.923  
0.0556 N/A N/A N/A 8.15 0.162 0.686 N/A 0.16 1.020 1.054 0.657 Smooth boundary 
        0.33 1.041 1.020 0.534  
        0.5 1.020 1.000 0.997  
        0.67 0.979 1.000 0.966  
        0.84 1.010 1.010 0.719  
        0.92 0.979 1.022 0.843  
        0.96 0.913 1.040 0.966  
0.0261 0.066 0.66 8.12 8.15 0.121 0.431 0.045 0.16 1.434 1.087 0.649 Medium-sized baffles 
        0.33 1.488 1.000 0.731  
        0.5 1.378 1.000 0.566  
        0.67 1.236 1.036 0.442  
        0.84 1.247 1.086 0.483  
        0.92 1.258 1.257 0.442  
        0.96 1.052 1.000 0.649  
 0.066 0.66 8.12 8.275   0.235 0.16 1.415 1.000 0.650  
        0.33 1.482 1.024 0.650  
        0.5 1.378 1.014 0.443  
        0.67 1.215 1.018 0.567  
        0.84 1.171 1.113 0.484  
        0.92 0.974 1.029 0.732  
        0.96 0.795 1.000 0.732  
 0.066 0.66 8.12 8.45   0.50 0.16 1.378 1.000 0.732  
        0.33 1.397 1.014 0.650  
        0.5 1.309 1.024 0.650  
        0.67 1.125 1.069 0.484  
        0.84 0.974 1.095 0.443  
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        0.92 0.918 1.069 0.484  
        0.96 0.795 1.000 0.650  
 0.066 0.66 8.12 8.625   0.76 0.16 1.415 1.000 0.650  
        0.33 1.482 1.024 0.650  
        0.5 1.378 1.014 0.443  
        0.67 1.215 1.018 0.567  
        0.84 1.171 1.113 0.484  
        0.92 0.974 1.029 0.732  
        0.96 0.795 1.000 0.732  
0.0556 0.066 0.66 8.12 8.15 0.1625 0.684 0.045 0.16 1.112 1.045 0.717 Medium-sized baffles 
        0.33 1.121 1.000 0.578  
        0.5 1.069 1.024 0.809  
        0.67 1.044 1.087 0.717  
        0.84 1.093 1.209 0.440  
        0.92 1.034 1.158 0.348  
        0.96 1.023 1.260 0.440  
 0.066 0.66 8.12 8.275   0.235 0.16 1.083 1.028 0.717  
        0.33 1.102 1.027 0.763  
        0.5 1.073 1.019 0.994  
        0.67 1.023 1.231 0.671  
        0.84 1.034 1.326 0.450  
        0.92 0.982 1.305 0.532  
        0.96 0.886 1.179 0.625  
 0.066 0.66 8.12 8.45   0.50 0.16 1.102 1.009 0.378  
        0.33 1.130 1.017 0.717  
        0.5 1.044 1.000 1.025  
        0.67 1.013 1.151 0.994  
        0.84 1.023 1.000 0.984  
        0.92 0.949 1.218 0.486  
        0.96 0.868 1.200 0.578  
 0.066 0.66 8.12 8.625   0.765 0.16 1.083 1.058 0.625  
        0.33 1.083 1.028 0.532  
        0.5 1.023 1.021 0.855  
        0.67 0.982 1.130 0.717  
        0.84 0.971 1.205 0.378  
        0.92 0.982 1.282 0.717  
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        0.96 0.844 1.216 0.625  
0.0556 0.133 0.66 8.12 8.15 0.173 0.643 0.045 0.16 1.334 1.014 0.673 Large baffles 
        0.33 1.317 1.112 0.673  
        0.5 1.298 1.192 0.543  
        0.67 1.289 1.118 0.500  
        0.84 1.174 1.235 0.587  
        0.92 0.975 1.054 0.760  
        0.96 0.912 1.108 0.847  
 0.133 0.66 8.12 8.275   0.235 0.16 1.339 1.031 0.717  
        0.33 1.289 1.080 0.673  
        0.5 1.289 1.195 0.500  
        0.67 1.280 1.425 0.500  
        0.84 1.068 1.171 0.673  
        0.92 0.905 1.199 0.847  
        0.96 0.830 1.036 0.760  
 0.133 0.66 8.12 8.45   0.50 0.16 1.261 1.040 0.760  
        0.33 1.271 1.166 0.587  
        0.5 0.983 1.022 0.962  
        0.67 1.163 1.427 0.673  
        0.84 0.844 1.348 0.630  
        0.92 0.577 1.038 0.890  
        0.96 0.511 1.354 0.890  
 0.133 0.66 8.12 8.625   0.76 0.16 1.298 1.045 0.760  
        0.33 1.271 1.144 0.630  
        0.5 1.174 1.306 0.587  
        0.67 1.138 1.476 0.500  
        0.84 0.851 1.476 0.587  
        0.92 0.597 1.464 0.673  
        0.96 0.475 1.314 0.717  
0.0556 0.133 1.33 8.12 8.15 0.172 0.647 0.023 0.16 1.244 1.032 0.677 Large baffles 
        0.33 1.272 1.100 0.634  
        0.5 1.244 1.185 0.677  
        0.67 1.272 1.404 0.416  
        0.84 1.225 1.265 0.590  
        0.92 1.094 1.102 0.808  
F-27 
        0.96 1.061 1.082 0.852  
 0.133 1.33 8.12 8.455   0.252 0.16 1.263 1.065 0.677  
        0.33 1.235 1.152 0.590  
        0.5 1.197 1.212 0.503  
        0.67 1.146 1.283 0.416  
        0.84 0.853 1.092 0.852  
        0.92 0.735 1.100 0.852  
        0.96 0.632 1.190 0.939  
 0.133 1.33 8.12 8.79   0.504 0.16 1.211 1.034 0.765  
        0.33 1.244 1.138 0.503  
        0.5 1.166 1.220 0.590  
        0.67 1.094 1.262 0.459  
        0.84 0.866 1.569 0.330  
        0.92 0.702 1.528 0.215  
        0.96 0.650 1.414 0.160  
 0.133 1.33 8.12 9.125   0.756 0.16 1.300 1.022 0.358  
        0.33 1.206 1.187 0.590  
        0.5 1.115 1.197 0.590  
        0.67 1.027 1.430 0.547  
        0.84 0.919 1.809 0.358  
        0.92 0.796 1.500 0.273  
        0.96 0.781 1.388 0.387  
0.0261 0.133 1.33 8.12 8.15 0.1035 0.504 0.023 0.16 1.559 1.000 0.884 Large baffles 
        0.33 1.496 1.022 0.787  
        0.5 1.389 1.104 0.594  
        0.67 1.346 1.127 0.594  
        0.84 1.039 1.000 0.836  
        0.92 0.636 1.225 0.787  
        0.96 0.241 1.225 0.787  
 0.133 1.33 8.12 8.455   0.252 0.16 1.534 1.000 0.739  
        0.33 1.496 1.036 0.594  
        0.5 1.402 1.077 0.691  
        0.67 1.273 1.111 0.594  
        0.84 0.555 1.000 0.739  
        0.92 0.278 2.236 0.079  
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        0.96 0.196 1.414 0.262  
 0.133 1.33 8.12 8.79   0.504 0.16 1.470 1.009 0.643  
        0.33 1.443 1.029 0.643  
        0.5 1.303 1.062 0.643  
        0.67 1.257 1.132 0.594  
        0.84 0.735 1.414 0.425  
        0.92 0.439 1.581 0.401  
        0.96 0.367 1.323 0.425  
 0.133 1.33 8.12 9.125   0.756 0.16 1.476 1.014 0.643  
        0.33 1.416 1.030 0.691  
        0.5 1.226 1.056 0.643  
        0.67 1.001 1.140 0.353  
        0.84 0.735 1.247 0.449  
        0.92 0.573 1.144 0.514  
        0.96 0.900 1.871 0.014  
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APPENDIX G - SKIN FRICTION BOUNDARY SHEAR STRESS 
DISTRIBUTIONS IN TRIANGULAR BAFFLE RECTANGULAR CHANNELS 
The skin friction resistance was measured on the channel bed using the Pitot- Prandtl-Preston tube 
(Appendices C and D). Typical results are shown in Figures G-1 to G-4, in the form of dimensional 
contour plots of bed (skin friction) boundary shear stress (o)skin. In each figure, the thick solid 
black lines correspond to triangular baffles. The legend indicates the skin friction boundary shear 
stress in Pascals (Pa). It is acknowledged that the data do not include the shear stress distribution on 
the sidewalls. 
 
 
Fig. G-1 - Contour plots of bed (skin friction) boundary shear stress (o)skin in Pascals in triangular 
baffle channel - Flow direction from left to right, xb = 8.12 m, Q = 0.0261 m3/s, hb = 0.067 m, Lb = 
0.67 m - Solid black lines are triangular baffles (xb = 8.12 m & 8.79 m) 
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Fig. G-2 - Contour plots of bed (skin friction) boundary shear stress (o)skin in Pascals in triangular 
baffle channel - Flow direction from left to right, xb = 8.12 m, Q = 0.0556 m3/s, hb = 0.067 m, Lb = 
0.67 m - Solid black lines are triangular baffles (xb = 8.12 m & 8.79 m) 
 
 
Fig. G-3 - Contour plots of bed (skin friction) boundary shear stress (o)skin in Pascals in triangular 
baffle channel - Flow direction from left to right, xb = 8.12 m, Q = 0.0556 m3/s, hb = 0.133 m, Lb = 
0.67 m - Solid black lines are triangular baffles (xb = 8.12 m & 8.79 m) 
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Fig. G-4 - Contour plots of bed (skin friction) boundary shear stress (o)skin in Pascals in triangular 
baffle channel - Flow direction from left to right, xb = 8.12 m, Q = 0.0261 m3/s, hb = 0.133 m, Lb = 
1.33 m - Solid black lines are triangular baffles (xb = 8.12 m & 9.45 m) 
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APPENDIX H - PRELIMINARY OBSERVATIONS OF FISH SWIMMING 
H.1 PRESENTATION 
Fish swimming observations were conducted using juvenile Silver perch (Bidyanus bidyanus) in the 
smooth and triangular baffle configuration channel. Fish were fasted for 24 h before being tested at 
24.5 ±0.5 C. Fish were placed for 5 min in a pervious containment (Fig. H-1), installed in the 
running flume. This short conditioning phase allowed the fish to adjust to the flow and channel 
shape. After 5 min, the pervious containment box would be removed, and the fish were released and 
would typically travel upstream. Recording would begin after a 2 min acclimation period. Fish 
kinematics were recorded for 15 min. If fish showed signs of fatigue, the test would be stopped and 
fish removed from flume. After each test, the fish were weighted, measured and photographed. In 
this study, fish were selected randomly for each experiment, and each fish was tested once only. All 
experimentation was conducted with the approval of The University of Queensland Animal Ethics 
Committee (Certificate no. SBS/312/15/ARC). 
All tests were conducted for on water discharge Q = 0.0556 m3/s. This flow rate was nearly twice 
the flow rate previously used by WANG et al. (2016b) with smooth and very-rough boundaries. 
Herein the channel flow was subcritical with decreasing water depth with increasing downstream 
distance (section 4.2). For Q = 0.0556 m3/s, three boundary conditions were selected herein: (a) 
smooth channel, (b) medium baffle (hb = 0.067 m, Lb = 0.67 m) and (c) large baffles (hb = 0.133 m, 
Lb = 0.67 m). 
The positions of fish were recorded manually using a 3-D grid scale based upon the boundary 
roughness square pattern. These recordings showed that the fish spent most time in a reasonably 
thin vertical layer close to the sidewalls, in particular the left sidewall corner for the triangular 
baffle configurations. High-speed movies were recorded with a digital camera CasioTM Exilim EX-
10, with movie mode set at 240 fps (512×384 pixels), with a focus on a designated test section (4 m 
< x < 10 m). The movie data post-processed following WANG et al. (2016b). In addition, high-
resolution photographs were taken with a PentaxTM K-3 dSLR camera equipped with prime lenses 
with negligible lens distortion. 
 
H.2 OBSERVATIONS 
Preliminary observations were briefly conducted with transparent baffles (Fig. H-2). Several fish 
individuals seem unable to see the baffle and would impact them while swimming upstream (Fig. 
H-1B). Thereafter the baffles were painted and all experiments with fish were conducted with grey-
painted baffles. 
A number of fish were tested with three boundary configurations: 20 fish with smooth boundaries, 
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26 fish with medium baffles (hb = 0.067 m, Lb = 0.67 m) and 27 fish with large baffles (hb = 0.133 
m, Lb = 0.67 m). During the tests, a number of fish fatigued before the end of testing: 12 out of 20 
with smooth boundaries, 10 out of 26 with medium baffles, and 5 out of 27 with large baffles. The 
observations showed overall that the presence of triangular baffles allowed fish to rest and 
facilitated substantially their upstream passage, as illustrated by comparative endurance swim 
results (Fig. H-3). 
In the smooth channel, the fish tended to swim next to the sidewalls and corners, as previously 
reported by WANG et al. (2016b). There was no obvious preference between the left and right 
sidewalls. 
In presence of triangular baffles, the visual observations indicated that the fish swam against the 
current (i.e. upstream) and preferentially in the left corner of the flume, where the triangular baffles 
were located. Fish were able to pass upstream by taking advantage of the slow-velocity regions, and 
by resting in the stagnation zone immediately upstream of a baffle or in the wake behind each 
baffle. Observations and fish trajectory data showed several behaviours. These included fish 
'resting' immediately upstream of baffle in the stagnation region, fish resting in the near-wake 
region immediately downstream of baffle, fish progressing upstream along the corner between two 
adjacent baffles, and fish negotiating the upstream passage of baffle. Figures H-4 to H-7 present 
typical illustrations of these behaviours. It was noted that some fish seemed trapped in the flow 
reversal region immediately downstream of baffle. They would typically face downstream there 
(Fig. H-5), and a few individuals appeared confused by the flow direction, and unable to negotiate 
the upstream passage of the baffle. 
The present findings were overall consistent with the observations of WANG et al. (2016b), who 
showed that fish preferred to swim in slow-velocity regions, typically in the corner between the 
very-rough invert and sidewall (boundary configuration 3). 
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Fig. H-1 - Pervious containment box used for the short conditioning phase allowed the fish to adjust 
to the flow and channel shape - Arrow points to the main flow direction 
 
(A)  
 H-4 
(B)  
Fig. H-2 - Preliminary observations with transparent baffles - Flow conditions: Q = 0.0556 m3/s, So 
= 0, hb = 0.067 m, Lb =0.67 m, flow direction from left to right 
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Fig. H-3 - Cumulative test duration data for Juvenile Silver perch (Bidyanus bidyanus) negotiating 
upstream passage in the 12 m long 0.5 m wide flume: Q = 0.0556 m3/s, So = 0 - Comparison 
between three boundary configurations 
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(A) Q = 0.0556 m3/s, So = 0, hb = 0.067 m, Lb =0.67 m 
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(B) Q = 0.0556 m3/s, So = 0, hb = 0.067 m, Lb =0.67 m 
Fig. H-4 - Juvenile Silver perch (Bidyanus bidyanus) resting in the stagnation region, immediately 
upstream of baffle - Flow direction from left to right 
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Fig. H-5 - Juvenile Silver perch (Bidyanus bidyanus) resting in the wake region immediately 
downstream of baffle - Flow direction from left to right, note the fish facing downstream - Q = 
 H-8 
0.0556 m3/s, So = 0, hb = 0.067 m, Lb =0.67 m 
 
 
Fig. H-6 - Juvenile Silver perch (Bidyanus bidyanus) progressing upstream along the corner 
between two adjacent baffles - Flow direction from left to right - Q = 0.0556 m3/s, So = 0, hb = 
0.067 m, Lb =0.67 m 
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Fig. H-7 - Juvenile Silver perch (Bidyanus bidyanus) negotiating the upstream passage of a baffle - 
From left to right, top to bottom, with 0.12 s between two successive photographs - Flow direction 
from left to right - Flow direction from left to right - Q = 0.0556 m3/s, So = 0, hb = 0.067 m, Lb 
=0.67 m 
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